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ABSTRACT 


Chapter  1  presents  evidence  that  elastic  plate  thicknesses  are  anomalously  low  beneath 
seamounts  of  the  Darwin  Rise,  suggesting  that  the  Japanese  and  Wake  seamounts  formed 
on  thermally  anomalous  lithosphere,  such  as  that  which  is  thought  to  exist  presently 
beneath  volcanoes  of  French  Polynesia.  In  Chapter  2,  multichannel  seismic  lines, 
sonobuoy  and  gravity  data  across  the  Marquesas  Islands  are  used  to  study  volcano  growth, 
island  mass- wasting,  and  crustal  underplating  at  island  chains  with  overfilled  moats.  Plate- 
flexure  models  require  broad  underplating  of  the  crust  by  low  density  (crustal?)  material  at 
the  Marquesas  Islands  to  explain  the  depth  to  volcanic  basement  and  gravity  data.  On 
oceanic  transforms,  earthquakes  are  expected  to  occur  on  the  principal  transform 
displacement  zone  (PTDZ)  and  have  strike-slip  mechanisms  consistent  with  transform- 
parallel  motion.  Chapter  3  is  a  study  of  oceanic  transform  earthquakes  departing  from  this 
pattern.  Much  of  the  anomalous  earthquake  activity  is  associated  with  complexities  in  the 
geometry  of  the  principal  transform  displacement  zone  or  the  presence  of  large  structural 
features  that  may  influence  slip  on  the  fault.  Chapter  4  describes  microearthquake  and 
seismic  stmctural  characteristics  along  a  segment  at  29®N  on  the  Mid- Atlantic  Ridge.  While 
tomographic  images  are  supportive  of  a  simple  spreading-cell  model,  microearthquakes 
suggest  complexities  related  to  the  small-scale  variability  of  magmatic  and  hydrothermal 
processes. 

Thesis  Co-Supervisors:  Dr.  Marcia  K.  McNutt 

Professor  of  Geophysics,  MIT 

Dr.  Sean  C.  Solomon 

Director,  Department  of  Terrestrial  Magnetism 
Carnegie  Institution  of  Washington 
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INTRODUCTION 

This  thesis  focuses  on  two  areas:  1)  earthquake  characteristics  at  mid-ocean  ridges  and 
oceanic  transforms,  and  tectonic  implications;  and  2)  processes  at  oceanic  volcanoes,  such 
as  lithospheric  flexure,  island  mass-wasting,  and  controls  on  the  stratigraphy  of  island 
moats.  Each  chapter  is  a  distinct  research  paper  meant  to  be  read  independently  of  the  other 
chapters. 

Beneath  oceanic  volcanoes,  elastic  thickness  of  the  lithosphere  Te  is  thought  to  represent 
the  depth  to  an  isotherm  (about  450°-6(X)°C)  marking  the  elastic/ductile  boundary  at  the  time 
of  volcanism.  In  accordance  with  this  simple  model,  the  observed  thickness  of  the  elastic 
plate  beneath  midplate  volcanoes  increases  with  the  square  root  of  the  age  of  the  lithosphere 
at  the  time  of  loading  [Watts  et  ai,  1980],  just  as  isotherms  in  a  conductively  cooling  plate 
deepen  with  time  [Parsons  and  Sclater,  1977].  In  chapter  1, 1  analyze  satellite  gravity  and 
deflection-of-the-verrical  and  shipbome  gravity  collected  during  the  Roundabout  leg  10 
expedition  to  determine  Tg  values  for  Cretaceous  seamounts  of  the  Darwin  Rise.  Elastic 
plate  thicknesses  beneath  the  Japanese  and  Wake  seamount  groups  are  found  to  be 
remarkably  low  given  their  age  at  the  time  of  loading,  which  is  consistent  with  formation  of 
these  seamounts  on  thermally  anomalous  lithosphere,  such  as  suggested  to  presently  exist 
beneath  the  volcanoes  of  French  Polynesia. 

Menard  [1956]  first  proposed  the  temi  “archipelagic  apron”  to  describe  the  smooth 
seafloor  around  island  chains  that  is  the  result  of  material  infilling  the  flexural  moat.  In 
Chapter  2,  seismic  stratigraphy  and  quantitative  flexural  and  sedimentation  models  are  used 
to  learn  more  about  the  processes  that  form  the  Marquesas  apron  and  make  it  different  from 
that  at  Hawaii.  The  seismic  velocities  and  seismic  stratigraphy  indicate  that  the  Marquesas 
apron  is  mostly  debris  from  island  mass  wasting.  Plate-flexure  models  require  broad 
underplating  of  the  crust  by  low  density  (crustal?)  material  to  explain  the  depth  to  volcanic 
basement  and  gravity  observations.  Three-dimensional  diffusion  models  of  sedimentation 
suggest  that  three  main  faaors  make  the  observed  moat  stratigraphy  at  the  Marquesas 
different  from  that  at  Hawaii:  (1)  the  Marquesas  moat  is  overfilled,  while  the  Hawaiian 
moat  is  underfilled,  (2)  sediment  diffusivities  are  lower  at  the  Marquesas,  and  (3)  the 
Marquesas  islands  are  separated  by  deep  sedimentary  basins,  in  contrast  to  Hawaii,  where 
islands  are  separated  by  a  shallow  ridge.  The  lower  sediment  diffusivity  at  the  Marquesas 
may  reflect  a  larger  proportion  of  “blocky”,  massive  material  in  the  central  Marquesas  moat 
or  alternatively  a  change  in  the  dominant  processes  of  sediment  transport  While  there  is 
similar  sediment  supply  for  a  given  along-moat  distance  at  both  the  Marquesas  and  Hawaii, 
the  underfilled  moat  at  Hawaii  is  apparently  a  consequence  of  greater  moat  volumes  due  to 
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the  larger  size  of  the  Hawaiian  volcanoes,  and  possibly  variations  in  underplating,  that  load 
the  plate.  The  difference  in  sediment/edifice  ratios  is  likely  related  to  the  larger  eruption 
rates  at  Hawaii  and  different  styles  of  volcano  construction  between  Hawaii  and  the 
Marquesas. 

On  oceanic  transforms,  earthquakes  are  expected  to  occur  on  the  principal  transform 
displacement  zone  (PTDZ)  and  have  strike-slip  mechanisms  consistent  with  transform- 
parallel  motion  [Sykes,  1967].  Chapter  3  demonstrates  the  existence  of  transform 
earthquakes  departing  from  this  pattern.  Much  of  the  anomalous  earthquake  activity  on 
oceanic  transforms  is  associated  with  complexities  in  the  geometry  of  the  PTDZ  or  the 
presence  of  large  stmctural  features  that  may  influence  slip  on  the  fault.  Reverse-faulting 
earthquakes  occur  at  a  compressional  bend  in  the  Owen  transform  in  the  area  of  Mount 
Error  and  at  the  St.  Paul’s  transform  near  St.  Peter’s  and  St.  Paul’s  Rocks.  A  normal- 
faulting  earthquake  on  the  Heezen  transform  is  located  at  the  edge  of  a  pull-apart  basin 
marking  an  extensional  offset  of  the  fault.  Some  events  with  unusual  mechanisms  occur 
outside  of  the  transform  fault  zone  and  do  not  appear  to  be  related  to  fault  zone  geometry. 
Possible  additional  contributors  to  the  occurrence  of  anomalous  earthquakes  include  recent 
changes  in  plate  motion,  differential  lithospheric  cooling,  and  the  development  of  a  zone  of 
weakness  along  the  fault  zone,  but  we  do  not  find  strong  evidence  to  confirm  the  influence 
of  these  processes. 

Microearthquake  studies  provide  direct  information  on  the  depth  distribution, 
mechanism,  and  moment  release  of  seismic  faulting  at  mid-ocean  ridges,  and  are  thus 
important  for  constraining  the  mechanical  structure  of  the  lithosphere,  which  is  primarily 
dependent  on  temperature  and  rheology,  and  understanding  the  active  tectonics  of  ridge 
segments  [e.g.,  Toomey  et  al.,  1985,  1988;  Kong  et  al.,  1991].  Chapter  4  discusses  the 
results  of  a  miCToearthquake  and  tomography  experiment  conducted  at  a  segment  at  29°N 
on  the  Mid-Atlantic  Ridge  and  implications  for  a  spreading  cell  model.  Earthquakes 
clustered  in  three  separate  along-axis  regions:  (1)  the  southern  deep,  (2)  the  central  high, 
slightly  north  of  the  Broken  Spur  hydrothermal  vent  field,  and  (3)  a  region  midway 
between,  beneath  an  along-axis  volcano.  In  agreement  with  a  spreading  cell  model  and 
gravity  observations  [c.f.,  Lin  etal.,  1990],  3-dimensional  delay  time  tomography 
suggests  that  crustal  velocities  in  the  lower  crust  are  heterogeneous,  with  higher  velocities 
and  thin  emst  occurring  near  the  southern  deep,  and  lower  velocities  and  a  thickened  layer 
3  occurring  towards  the  central  bathymetric  high.  The  thickness  of  the  lower  crust  at  the 
segment  end  is  also  asymmetric  across  axis,  with  lesser  thickness  beneath  the  inside 


comer. 
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However,  microearthquake  characteristics  show  complexities  not  explained  by  a 
spreading  cell  model.  Along  axis,  well-resolved  focal  depths  determined  with  a  3-D 
velocity  model  range  from  3  to  6  km  beneath  the  seafloor  and  do  not  shoal  from  the 
segment  end  to  the  segment  center.  The  significant  seismicity  at  the  segment  center  is  likely 
associated  with  volcanic  and  hydrothemial  processes  at  the  axial  volcanic  ridge  (the  largest 
microearthquake  is  located  4  km  beneath  Broken  Spur).  Microearthquakes  with  anomalous 
focal  mechanisms  beneath  an  along-axis  volcano  may  be  the  result  of  stresses  related  to 
magma  migration  or  thermal  cooling.  The  microearthquakes  in  this  study  have  rupture 
lengths  on  the  order  of  only  100  m  and  therefore  are  sensitive  to  small  scale  variability  in 
the  influence  of  magmatism  and  hydrothemial  circulation.  The  characteristics  of  large  (mb 
>  4.5)  earthquakes  on  the  MAR,  in  contrast,  may  behave  more  nearly  in  accordance  with  a 
spreading  cell  model  because  of  larger  rupture  lengths,  on  the  order  of  10  km,  that  sample 
structure  on  the  segment  scale. 

The  research  presented  in  chapter  1  was  conducted  with  Marcia  McNutt  and  was 
published  in  Journal  of  Geophysical  Research  in  1991.  Chapter  2  is  presently  in  press  in 
Journal  of  Geophysical  Research  with  Marcia  McNutt  and  Robert  Detrick  as  coauthors. 

Eric  Bergman  and  Sean  Solomon  are  coauthors  on  chapter  3,  which  was  published  in 
Journal  of  Geophysical  Research  in  1993.  Chapter  4  consists  of  work  done  in 
collaboration  with  Mike  Purdy,  and  Sean  Solomon,  Doug  Toomey,  and  will  hopefully 
result  in  an  eventual  publication. 
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We  cftimatc  the  elistic  thickness  Tg  for  the  Padfic  pUte  at  the  lime  of  volctnism  for  spproximsiely  60  gayoa  of  Otaceout 
age  in  the  Japanese.  Wake,  and  Mid>Padfic  Mountain  teamoont  groups  of  the  noithwest  Padftc.  The  valoes  of  are  oonstimu^ 
by  osmparing  synthetic  gravity  and  deflection  of  the  vertical  computed  from  digital  baihymeliy  Msuming  regional  compensation 
models  to  potential  field  dau  derived  from  Seasat  radar  altimetry.  The  amplitude  of  the  gridded  Scasat  gravity  field  over  the 
seamounu  is  consistent  with  Te  values  between  5  and  15  km.  but  these  values  repteseni  only  lower  bounds  since  the  100-km 
spacing  of  satellite  tracks  may  undersample  the  gravity  for  seamounu  lying  between  adjacent  passes.  Direct  modeling  of  the 
deflection  of  the  vertical  along  mdividoal  satellite  tracks  avoids  this  distribution  bias  but  can  lead  to  errota  if  the  bathymetric 
feature  is  mtslocated  with  respect  to  the  satellite  ooordifuue  system.  Nevertheless,  for  no  seamount  does  the  root*mean*f<]uare 
(RMS)  difference  between  observed  and  predicted  deflection  of  the  vertical  show  a  distinct  mmimam  for  dastic  plate  thickness 
greater  than  15  km.  However,  for  some  features  the  RMS  mmimam  is  unconstrained,  allowing  Te  greater  than  15  km.  Given 
the  possible  bias  in  the  modeling  of  satellite  data,  the  low  values  for  elastic  plate  thickness  were  oonftimed  for  the  Japanese  and 
Wake  group  using  shlpbome  gravity  dau  and  multibeam  bathymetry  eoUected  during  the  Roundabout  leg  10  expedition, 
supplemented  with  published  Navy  socur  array  founding  system  (SASS)  bathymetry.  The  analysts  of  thipbame  dau  oonstrmins 
most  e1»stiic-  piate  thickness  values  to  between  10  and  15  km  for  crustal  densities  between  2600  and  2S00  k|^^.  The  low  values 
for  elastic  plate  thidmess  for  these  Creuoeous  guyou  that  formed  in  the  area  of  the  ‘‘Darwin  Rise**  suggest  either  that  they  formed 
on  lithosphere  kss  thin  40  m.y.  old  or  that  older  Itdiosphere  was  reheated  near  the  time  of  volcanism.  While  the  fim  possibility 
is  permitted  by  age  dau  from  the  Mid-Padfic  Mounuins.  radiometric  dates  and  magnetic  Itneattons  from  the  Japanese  and  Wakes 
arc  more  consistent  with  formation  of  th^  seamount  groups  on  older.  ihermtUy  anomalous  itthosphete.  such  as  that  vdiich  is 
thought  to  exist  presently  beneath  the  volcanoes  of  Frcndi  Polynesia. 


Introduction 

Modeling  oceanic  lithosphere  as  a  thin  elastic  plate  overlying  a 
fluid  substratum  has  been  extremely  successful  in  explaining  its 
mechanical  response  to  seamount  loads  formed  in  a  midplate 
setting.  Although  the  thin  elastic  plate  model  is  just  a  first 
approximation  to  the  true  rheology  of  the  lithosphere,  wluch 
includes  brittle  failure  at  the  surface  and  ductile  creep  at  depth 
[Gcene  and  Evans^  1979],  for  the  small  devUtoric  stresses  induced 
by  volcanic  loading  the  flexure  of  a  purely  elastic  plate  closely 
resembles  the  true  deformation  of  the  lithosphere.  Because  the 
creep  rate  for  rocks  depends  exponentially  on  temperature,  the 
effective  elastic  thickness  of  the  plate  Tt  is  thought  to  rqjresent  the 
depdi  to  an  isothenn  marking  die  elasdc/ductile  boundary.  Based 
on  the  extrapolation  of  results  from  laboratory  experiments  to 
geologic  strain  rates,  die  isotherm  at  the  base  of  the  elastic  plate 
may  be  as  Wgh  as  8(X)*C  [Ktrby^  1980],  but  lower  temperatures 
(450*-600*C)  are  implied  from  a  oon^Mrison  of  geothenns  firom  the 
thermal  plate  model  [Parsons  and  5cfafer,  .1977]  with  observed 
values  for  dastic  plate  thickness  estimated  from  the  wavelength  of 
btdiymetric  moats  and  arches  surrounding  volcanoes  [WaicoU^ 
1970;  MeNutt  and  Menard.  1978]  or  from  gcoid,  gravity,  or 
de!lecdon>of-lhe>venical  dau  over  die  loads  [Watts  and  Cochran. 
1974;  Watts  and  Ribe^  1984;  Cazenave  et  aL  1980],  As  the 
ooeaiuc  lithosphere  contimies  to  cool  after  emplaoement  of  die  load, 
the  flexure  of  the  elastic  plate  is  frozen  in,  and  dius  marks  the 
depth  to  the  isotherm  at  the  elastic/ductile  transition  at  the  time  of 
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volcanism.  In  accordance  with  the  prediction  of  this  simple  model, 
the  observed  thickness  of  the  elastic  plate  beneath  midplate 
volcanoes  increases  with  the  square  root  of  the  age  of  the 
lithosphere  at  time  of  loading  (Watts  ei  ai,  1980],  just  as  isotherms 
in  a  conductively  cooling  plate  deepen  with  time  (Parsons  and 
Sclater.  1977]. 

In  generaL  volcanoes  which  form  on  Ethosphere  between  50 
and  90  m.y.  old  show  elastic  plate  diickness  values  between  20  and 
40  km,  except  in  the  area  of  Frendi  Polynesia  where  Tt  values  arc 
anomalously  low,  as  shown  in  Figure  1  [Calmani  and  Cazenave. 
1987].  Md^utt  and  Fischer  [1987]  designated  this  region  the 
South  Pacific  Superswell  and  have  noted  that  the  coincidence  of 
shallow  bathymetry,  low  Love  wave  phase  velocities,  and  low 
elastic  plate  thidenesses  on  the  supersweU  can  ill  be  explained  by 
an  unusually  warm  lithosphere  given  its  age  from  magnetic 
lineauons.  They  further  speculated  that  die  area  now  in  the  North 
Pacific  known  as  the  Darwin  Rise  [Menard  1964]  is  an  ancient 
exan^le  of  a  superswell,  based  on  identical  depth/age  relations}^ 
[Menard.  1984;  Mdiutt  et  al^  1990],  similar  isotopic  enrichment 
of  hot  spot  lavas  [Hart.  1984;  Natland  and  Wright.  1984;  Staudigel 
et  al^  1990],  and  plate  motion  models,  which  place  the  Darwin 
Rise  over  Frendi  Polynesia  in  Cretaceous  time  vdien  the  volcanoes 
erupted  (R.  G.  Gordon  and  L.  J.  Henderson,  Padlic  plate  hot  ^t 
tracks,  preprint,  1985).  SmUk  et  a/.  [1989]  extended  the  list  of 
stmtlarities  between  the  superswell  and  Darwin  Rise  1^  flnding  Tt 
values  of  10  and  IS  km  for  two  Cretaceous  seamounts  of  the 
Darwin  Rise  that  formed  on  Ethosphere  qiproxlmaiely  42  and  65 
m.y.  old,  respectively,  at  the  time  of  volcanism.  The  purpose  of 
this  study  is  to  examine  whether  there  is  widespread  evidence  for 
low  elastic>plate  thicknesses  for  a  much  larger  number  of  Darwin 
Rise  volcanoes  using  both  readily  available  digital  dau  sets  and 
recently  acquired  shlpbome  dau  from  our  1988  expedition. 
Roundabout  leg  10.  to  the  northwest  Pacific. 
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Age  of  plate  at  loading  time  (Myr) 


Bg.  t.  Figure  ftdtpted  from  Calmont  end  Cazmeve  (l^STJ.EU^  pUte  ^dcnextei  from  voloutoei  in  Atl^tic  (squares). 
Pacific  (uianglcs).  and  Indian  (diamonds)  oceans  {^octed  againtl  estimalcd  age  at  the  time  of  hiding.  Isotherms  calculated  from 
Parsons  and  Sclaier  [19773.  Suppled  area  outlines  the  tupcrswcH  volcraoes.  The  polygon  rqjresojts  the  nmge  of  values  derived 
from  modeling  shipbome  gravity  over  the  Japinese  md  Wake  smnourtu. 


Analysis  of  Seas  at  altimetry  Data  plate  W  beneath  topography  H  was  calculated  from 


One  of  the  goals  of  the  Roundabout  leg  10  expedition  was  to 
determine  whether  the  volcanoes  of  the  Darwin  Rise  are 
compensated  by  an  anomalously  weak  elastic  plate,  consistent  with 
formation  on  superswell>type  lithosphere.  It  is  not  possible  to 
prove  that  the  volcimoes  of  the  Darwin  Rise  formed  on  a  supexswell 
based  on  elastic  plate  thickness  data  alone«  since  the  volcanoes 
might  simply  have  formed  on  young  lithosphere.  On  the  other 
hand,  it  would  be  possible  to  disprove  die  superswell  hypothesis 
by  demonstrating  that  a  number  of  Darwin  Rise  volcanoes  are 
compensated  by  elastic  plates  more  than  15  km  thick.  Because 
there  are  literally  thousands  of  major  volcanoes  on  the  Darwin  Rise 
and  we  could  only  survey  about  2  dozen  during  a  Umonih 
expedition,  our  strategy  was  to  obtain  preliminary  estimmes  of 
elastic  plate  diickness  for  a  large  number  of  potential  survey  targets 
using  digital  dbdbS  bathymetry  from  the  U.S.  Navy  and  Seasat 
altimetry  in  the  form  of  both  digital  gravity  [Httxby,  1983]  and 
along'track  deflection  of  the  vertical  [Sandwell^  1984].  Those 
volcanoes  that  showed  the  greatest  likelihood  of  being  supported  by 
a  stiff  elastic  plate  would  be  high-priority  candidates  for  the 
shipbome  survey.  The  regions  of  the  Darwin  Rise  we  examined 
include  the  Japwese  Seamounts,  the  Wake  Seamounts,  and  the 
Mid-Pacific  Mountains  (Figure  2). 

Forward  Modeling  ofSaieUUe  Gravity 

Two-dixnoisional  maps  of  synthetic  gravi^  were  compared  to 
gridded  satelliie  gravity  maps  {Haxby^  1983]  in  order  to  constrain 
elastic  plate  thickness  over  seamounts  of  the  Darwin  Rise  using  a 
method  similar  to  that  of  Freedman  and  Parsons  (1986].  Digital 
bathymetric  data  (dbdbS)  were  first  interpolated  onto  a  9x9  km  grid 
using  an  Aiiy*s  minirmun  distortion  projection,  padded  along  the 
margins  to  avoid  edge  effects  in  the  spectral  domain,  and  Fourio' 
transformed.  With  uppercase  variables  denoting  the  Fourier 
transforms  of  lowercase  counterparts,  the  deflection  of  die  elastic 


W{k,,ky) 


Pc-Pw 
Pm- Pc, 


gxkfD 

iPm-Pch. 


H(k^.ky) 


(1) 


in  which  kx,  ky  are  the  horizontal  wavenumbers,  pc»  pw,  sud 
are  the  densities  of  the  crust,  water,  and  mantle,  respectively,  D  is 
the  flexural  rigidity  of  the  plate,  which  depends  on  the  cube  of  the 
plate  thickness,  g  is  the  acceleration  of  gravity,  and  k  is  the 
modulus  of  the  horizontal  wavenumber  vector.  Values  chosen  for 
variables  arc  given  in  Table  1.  The  gravity  field  AG(kx,  ky) 
resulting  from  the  topography  h  cid  the  relief  w  on  the  Moho  due 
to  plate  flexure  was  then  calculated  via  Parker*s  [1973]  method: 

4G(*..t,)  =  2«G  I  (p,-pje-2<*z.  fIA«(j:.y)l) 

I*  #l«l 

+  (Pm-p^e-i^  F[w{x^)]  I  (2) 

in  which  2(  and  z^,  are  the  average  regional  dqrths  from  the  sea 
surface  for  the  topography  and  Moho,  respectively,  and  F(/J 
denotes  Fourier  transformation  of  the  function /.  The  eiqransion 
for  the  gravity  field  from  the  topogr^hy  converged  after  about 
terms.  For  die  deeper,  smooths  Moho  rdief,  one  term  in  the 
expansion  was  sufheient,  in  keeping  with  the  linear  ipproximation 
in(l). 

Contoured  maps  of  satelUte-dCTved  gravity  in  each  of  the  three 
seamount  groups  were  compared  with  predicted  graviQr  from  (2) 
assuming  Tg  values  of  0, 5, 10. 15,  and  20  km.  Because  Haxby'% 
[1983]  gravity  dau  set  is  calculated  using  interpolated  geoid  data 
from  satellite  passes  with  varial^e  track  spacing  (Hgure  3),  the 
synthetic  gravity  values  were  smoothed  by  a  running  filter  with 
form  cxpf-r2//?2j^  where  r  is  the  distance  to  nei^baring  values  and 
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Hg.  2.  Baihymetiy  of  the  Dtiwin  Rise,  Uken  from  dbdbS  dau,  showing  the  locttion  of  the  Japanese  Seamounu,  Wake  Guyots. 
tndMid'Padfichkxmuins,  Cootoorsniervalis  1  km.  Dashed  oontoun  show  depths  equal  to  and  below  5  km. 


TABLE  1.  Symbols  in  Equations  (IH^) 


Parameter 

Value  orDefinition 

Pw 

lOOOkgAn^ 

pc 

2800  kgAn^ 

Pm 

SSOOkgAn^ 

6kni 

(cnmal  thickness) 

D 

ETJ 

12(t-v^) 

V 

025 

£ 

8.0x1010  NAn 

S 

9.8  m/se<^ 

c 

6,«7xl0*«  N- 

k,,k. 

X.X 

A.  Xy 

k 

wavdengthsinx 

tfidydirecdons 

|{«27  km,  to  remove  die  higher  £req[oencies  for  better  oompsrison 
to  the  low-frequency  satellite  sniqts.  For  exanqile,  Hgure  4  ^ws 
the  satellite  gnvi^  map  for  the  Wake  group  along  with  sample 
syndietic  mqis  forT^  values  of  5, 10  and  15  km.  In  die  observed 
gravity  (Hgure  4aX  anomalies  over  major  volcanoes  peak  at  about 
75  mOal  for  features  adequately  sanqsled  by  the  satellite  passes. 
The  model  for  «  5  km  produces  too  little  gravity  signal,  while 
the  model  forT^  « 15  km  produces  gravi^  anomalies  with  too  large 
an  anqiUtude.  On  average  for  the  Wake  group,  an  clastic  plate 
ducloiess  of  approximately  10  km  is  the  best  fit  to  the  satellite 


gravity  field.  Based  on  comparing  the  amplitude  of  the  gravity 
signature  with  that  predicted  by  the  different  elastic  plate  models  on 
a  feature-by-feature  basis,  we  assigned  an  elastic  plate  thickness  to 
the  lithosphere  compensating  each  of  the  major  seamounts  in  the 
Japanese,  Wake,  and  Mid-Pacific  areas. 

Forward  Modeling  cfSatelUte  Deflection 
of  the  Vertical 

Since  gridded  two-dimensional  contour  maps  contain  a 
sampling  bias  from  uneven  track  spacing,  we  compared  directly 
profiles  of  Seasat  dau  with  the  predicted  signal  from  the  seamount 
and  its  compensation  along  that  same  track.  The  most  convenient 
form  for  die  potential  field  data  is  deflection  of  the  vertical,  v^iich  is 
the  along-track  derivative  of  the  geoid  dau  observed  by  the 
altimeter.  Like  other  derivatives  of  the  geopotential,  such  as 
gravity,  deflection  of  the  vertical  does  not  contain  extraneous  long- 
wavelength  mfotmadon  arising  from  geoid  anomalies  of  deep-Eanh 
origin  or  errors  in  satelltte  altitude.  Because  deflection  of  the 
vertical  is  a  horizontal  gradient,  it  can  be  simply  obtained  for  an 
individual  satellite  pass,  unlike  the  case  for  oonqiutmg  gravi^. 

Both  ascending  (southeast  to  northwest)  and  desemding 
(northeast  to  southwest)  geoid  dau  were  edited,  tfifferendated  with 
respect  to  time,  and  converted  to  deflection  angles  in  units  of 
microradians  using  the  tatelliu*s  ground  speed  as  described 
Sandweli  [1984].  Longer-wavelengdi  deflections  of  the  vertical 
from  geoid  undulations  have  only  aminor  influence  over  the  length 
of  a  seamount  signal  and  were  not  removed.  Profiles  were 
projected  onto  the  9x9  km  grid  using  die  Airy*s  minimum  distortion 
algorithm.  Satellite  values  were  smoothed  along  track  by  a  running 
filter  exp  (•r^/2<fl),  where  r  is  distance  along  track  and  0^14,  in 
order  to  reduce  noise  axiqilified  fay  differentiation  [Sandweli^  1984]. 
Typically,  profiles  extending  140  km  on  either  side  of  a  volcanic 
feature  were  retained,  but  in  some  cases,  profiles  had  to  be 
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a 

JAPANESE  SATHYUETRY  (contour  intofvol  ^  km) 


14t.  142.  143.  144.  145.  146.  147.  148.  149.  150.  151.  152.  153.  154.  •£ 


b 

WAKE  aATHTMCTRY  (contour  iotorvo*  »  km) 


156.  157.  158.  159.  160.  161.  162.  163.  164.  16S.  166.  167.  168.  169  •£ 


c 

MOoFlAOnC  •ATHYUCnrr  (eencet^  iniofvcl  1  km) 


171.  172.  175.  174.  ITS.  176.  177.  178.  179.  160.  181.  182.  183.  184.  •£ 


Fig.  3.  Setjat  tndcs  over  the  Detwia  Rise.  Dished  oontoun  show  d^xhs 
eqoil  to  tod  below  5  km.  (a)  Jiptoese  Setmoumts.  (b)  Wake  Goyocs. 
(c)  Mid<Facific  Mounuim. 


shoitcned  to  avoid  interference  firom  neighboring  features.  It  was 
necessary  to  have  at  least  one  side  of  the  ^file  extend  for  100  km 
or  more  in  order  to  observe  the  entire  signal  from  the  seamount  and 
its  compensation. 

The  gravity  field  predicted  from  (2)  can  be  converted  to  eastern. 
E  and  northern,  components  in  the  wave  number  domain  of 
deflection  of  the  vertical  via 


(4) 


in  which  V-1.  For  the  deflection  calculation,  only  one  term  was 
used  in  the  gravity  expansion.  Synthetic  grids  were  calculated  for 
elastic  plate  thicknesses  of  0,  5,  10,  15,  20,  and  25  km  and 
interpolated  onto  the  satellite  tracks.  A  vector  sunf  of  the  north  and 
east  components  was  takai  along  die  azimuth  of  the  satellite  track  to 
obtain  the  final  along-irack  deflection,  which  was  then  compared 
wi^  the  Seasat  data. 

Rgurc  5a  shows  an  example  of  a  descending  satellite  pass  and 
the  synthetic  passes  (dashed  lines)  over  Scripps  seamount  in  the 
Wake  group.  Deflection  is  positive  and  increasing  as  the  scamoimt 
is  approached,  falls  to  zero  immediately  over  the  summit,  and  is 
negative  and  increasing  on  the  outbound  segment  A  best  fitting 
value  for  clastic  plate  thickness  was  chosen  ^  searching  for  the 
minimum  root-mean-stjuarc  (RMS)  misfit  between  observed  and 
synthetic  deflection-of-thc-vcrtical  profiles  as  T<  varies  (Figure  5h). 
In  some  cases,  mislocadcai  of  a  bathymetric  feature  with  respect  to 
the  satellite  coordinate  system  earned  a  systematic  offset  between 
data  and  theory  of  the  zero  point  at  the  closest  approach  to  the 
seamount’s  summit  To  correct  for  this  error,  wc  shifted  the 
predicted  traces  horizontally  by  15  km  or  less  before  computing  the 
RMS.  For  some  seamounts,  such  as  Scripps,  the  shape  of  the 
RMS  misfit  as  a  function  of  Tt  shows  a  well  defined  minimum 
(Figure  Sb)  that  allowed  us  to  chose  a  preferred  elastic  plate 
thickness  with  small  uncertainty.  Other  seamounts  displayed  a 
broader,  but  still  defined,  minimum.  For  some  seamounts, 
regardless  of  assumed  density  p^,  the  RMS  plots  show  a  very 
gradual  slope  downwards  toward  larger  Tt  values,  which  allowed 
us  to  rule  out  weak  plates  but  iK>t  define  a  best  fitting  plate 
thickness.  Part  of  the  lack  of  resolution  at  high  Tt  values  results 
from  the  fact  that  the  deflection  of  the  plate  does  not  change  much 
once  a  certain  strength  is  reached  sudi  small  seamounts.  It  can 
thus  be  difficult  to  distinguish  the  diickness  of  a  strong  place  using 
the  potential  field,  especially  given  the  existence  of  bathymetric 
errors  or  noise. 

Figure  6  shows  that  results  from  comparing  observed  and 
predicted  deflection  of  the  vertical  are  genenHy  consistent  with  the 
satellite  gravity  study,  although  sli^itly  higher  average  vidues  are 
obtained  rince  the  deflection  data  are  not  biased  by  track  spacing. 
We  believe  that  most  errors  in  derived  values  aie  a  function  of 
either  poor  knowledge  of  the  size  or  mislocation  of  bathymetric 
features  in  the  dbdbS  data.  Some  satellite  passes  record  the 
existence  of  features  not  included  in  the  dbdbS  data  seL  For 
example,  signals  from  nearby  sateUiie  seamounts,  such  as  Vibelius 
seamount  surveyed  during  Roundabout  leg  10,  are  apparent  in  the 
ascending  pass  over  WQde  seamount,  but  these  features  are  not 
shown  in  the  dbdb5  bathymetry.  In  such  cases,  the  synthetic 
modeb  provided  su<^  a  poor  fit  to  the  sluq>e  of  the  Seasat  profiles 
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*IIW<£  SATEUnt  CWAvnv  (cemowr  25  «^o«)  WAKE  GRAVITY.  TE-iO.O  (contoor  int«rvoi  25  mqol) 


Fig.  4.  Gravi^  over  the  Wake  Gtiyou.  Dashed  oontoun  show  negative  values,  (a)  Haxby’s  (1983]  interpolated  giaviQr.  (6) 
Synthetic  gravity,  = S  km.  (c)  Synthetic  gra^ty,  T«  ^  10  km.  <d)  Synthetic  gravity,  T«=1S  km. 


that  those  passes  could  not  be  used  to  constrain  elastic  plate 
thickness. 

Analysis  of  Shipborne  graytty  from  the  Japanese 
AND  Wake  Seamounts 

Although  the  analysis  of  the  satellite  dau  suggested  that  the 
compensation  of  volcanoes  in  all  three  seamount  groups  is  via 
flexure  of  plates  thirmer  than  IS  km,  the  poor  quality  of  the 
bathymetry  data  and  the  inaintity  of  the  satellite  altimetry  to 
distinguish  10>  to  lS>km-thick  plates  from  thicker  ones  allows  the 
possibility  that  some  of  the  Darwin  Rise  volcanoes  did  not  form  on 
anomalously  weak  lithosphere.  To  better  constrain  the 
compensation  of  diese  volcanoes,  we  acquired  high-resolution 
bathymetric  data  and  shipborne  gravi^  data  during  the  Roundabout 
leg  10  expedition,  along  with  single-charmel  seismic  data,  marine 
magnetics,  and  dredge  samples,  as  part  of  a  survey  in  support  of 
possible  ocean  drilling  of  Cretaceous  guyots.  Here  we  focus  on 


results  from  modeling  the  gravity  data  acquired  for  the  Japanese 
Seamounts  and  the  Wake  Guyots  along  the  track  line  given  in 
Figures  la  and  lb. 

We  found  that  modeling  the  shipborne  gravity  over  the 
seamounts  required  precise  knowledge  of  badiymetry  for  the  entire 
seamount,  not  just  beneadi  the  ship  tracks.  We  were  fortunate  to 
have  Navy  multibeam  sonar  array  sounding  system  (SASS) 
bathymcuy  Cc.g.,Vogr  and  Smoot,  1984;  Smoot,  1989]  covering 
the  flanks  of  the  seamounts  we  surveyed  in  the  J^ianese  and  Wake 
groups  to  supplement  our  long  ship  tracks  across  the  seamounts 
and  detailed  summit  surveys.  Experiments  in  modeling  the  gravity 
dau  without  using  any  off-track  information,  via  assuming  that  the 
bathymetry  was  circularly  symmetric  about  its  summit,  produced 
poor  agreement  compared  to  models  incorporating  the  actual,  often 
complex,  shape  of  the  volcanoes. 

Previously  compiled  SASS  m^s  were  digitized  and  projected 
onto  grids  with  spacing  between  1.0  and  1.4  km,  which  is 
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SCRIPPS  DESCENOING  PROFILE 


a 


Japan# M  Saamounta 


SCRIPPS  RMS 


Fig.  5.  (a)  Deflecdon  of  the  vcmcil  over  Seripps  KamotmL  Deicen<lifig 
ScAut  tnck  it  shown  as  a  ttmght  line.  Symh^cs  for  »  0. 10.  iml  25 
km  Are  shown  as  dsihed  lines.  (I»)  RMS  misfit  between  oberved  end 
deflecdon  of  the  vertical  fdocted  agatna  the  elastic  plate  thickness 

pannseter. 


comparable  to  die  ^allowest  dqith  on  a  guyoL  Volcanoes  with 
nearby  neighbors,  such  as  the  pair  Takuyo-Daim  and  Seiko  or  the 
cluster  in  die  Winterer  group  containmg  Vf^itoer,  Charlie  Johnson, 
Stout,  and  Thomas  Washington,  were  modeled  using  the 
bathymetry  of  a&  adjacent  features.  A  smooth  linear  interpolation 
hrom  the  seamoimt  flanks  to  the  regional  dqith  was  used  to  fill  in 
grid  points  surrounding  the  seamounts  in  oxd^  to  produce  an  amy 
extending  200  km  from  the  center  of  the  load. 

For  Woods  Hole  guyol  in  the  Wake  group  and  Darwin  Guyoi 
located  at  the  western  edge  of  the  Mid-Padfre  Group  (seamount  2 
in  Table  2c),  S  ASS  miqrs  were  not  avdlable,  but  the  coverage  from 
Roundaboui  leg  10  was  sufficient  to  model  gravity.  The  SASS 
bathymetry  for  L4m[iont  did  not  uiclude  a  satellite  seamount 
surveyed  on  the  northern  track  line.  A  circular  model  of  this 


AAAmeunt 

W»k«  SAAmeimt* 

b 


a  ut.  gr«v. 

A  d«f.  o4  v«a 
O  fihipoefm  grtv. 


Fig.  6.  EUsuc  f^te  thidcaestei  of  Darwm  Rise  goyou  obuined  from  the 
tuidy  of  tAtellite  gnvity.  lAteOite  deflection  d  the  venicaL  and  shipbome 
gravity.  See  Table  2  for  locadont  d  leamoimts  plotied  in  figtirea.  {a) 
Japanese  Seamounti,  including  those  nirveyed  on  Roundabout  leg  10:  I, 
Takoyo>Daini  and  Seiko;  2,  Wmierer;  3,  StotiL  and  Thomas  Washington;  4. 
Isakov;  and  5,  Makarov,  (b)  Wake  Guyocs,  tncUiding  those  surveyed  on 
Roundabout  leg  10:  2,  Sciif^  9,  Lament;  12,  Vibelius;  14.  Woods  Hole; 
and  20,  Poe  (c)  Mid<Pactfic  Momstaim,  mduding  Darwin  (2),  tuiveyed 
on  Roundabout  1^  10. 


satellite  was  added  to  the  bathymetry,  although  the  frnal  results 
usmg  the  southern  track  line  were  not  sensirive  to  die  presence  or 
absense  of  this  feature.  The  SASS  posidom  of  Wilde  and  Vibelius 
guyots,  which  were  well-surveyed  by  Roundaboui  leg  10,  were 
found  to  be  mislocated  almost  1*  norde  Moreover,  wMle  the  SASS 
bathymeoy  fm-  Vibelius  was  consistent  widi  our  sh^board  data,  for 
Wilde  a  large  discr^jancy  existed  m  regards  to  its  size. 
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Fig.  6.  (Continued) 

Mid-Pacific  Mountains 


□  ut  0r«v. 

A  iM.  of  v«n 
O  shipbom*  Qrmv. 


Equations  (1)  and  (2)  were  again  used  on  this  denser  grid  to 
produce  a  grid  of  gravity.  Figtire  8  shows  one  example  of  a  three- 
dimensional  gravity  model  of  Takuyo-Dainl  and  Seiko  seamoimts, 
and  Figure  9  compares  the  predicted  gravity  to  the  observed  along 
the  ship  track  across  Seiko  for  three  different  choices  of  elastic  plate 
thickness.  A  5-km-thick  plate  produces  a  flexural  moat  which  is 
too  deep,  a  flexural  wavelength  whidi  is  loo  short,  and  a  gravity 
anomaly  which  is  too  small  over  the  top  of  the  seamount  (Figure 
9o).  A  plate  as  thick  as  20  km  produces  a  flexural  wavelength  and 
gravity  amplitude  which  are  both  loo  large  (Figure  9c).  A  10-km- 
thick  plate  dearly  provides  an  excdlent  fit  to  the  sea  surface  gravity 
data. 

We  quantiutively  assessed  the  fit  between  synthetic  and  actual 
gravity  profiles  by  plotting  contours  of  RMS  misfit  as  a  function  of 
Tt  and  pc>  We  favor  the  use  of  RMS  misfit  rather  than  contours  of 
the  “objective  funcrion**  et  al^  1989),  for  which  preferred 
models  have  both  a  low  RMS  and  a  low  correlation  between  the 
residual  gravity  (observed  minus  model)  and  topograj^y.  Our  Tc 
results  were  well-constrained  by  the  RMS  criterion,  and  we  were 
not  able  to  constrain  densities  confidently  using  the  objective 
function  of  Smith  ctaL  Hgure  lOo  shows  die  RMS  misfit  contours 
for  Seiko.  The  best  fltdng  in  this  case  changes  only  sHghtly 
over  different  density  values,  from  an  estimated  9  km  at  2800 
kg/m^  to  12  km  at  2^  kgfrn^.  Although  we  could  not  select  a 
preferred  density  based  on  RMS  misfit  alone,  a  visual  inspection  of 
the  fit  of  models  to  the  dau  duou^ut  the  Japanese  group  showed 
that  for  densities  less  than  2700  kg/m^,  the  synthetic  profile  at  the 
best  floing  value  underestimated  the  peak  gravity  anomaly  over 
the  seamount  It  is  unlikely  that  die  bulk  of  the  seamount  would 
have  a  density  any  less  than  this  value  that  best  fits  die  anomaly  at 
the  summit  since  many  of  the  Japanese  seamounts  are  capped  by 
reefs.  In  the  Wake  group,  where  only  Vibelius  has  a  reefal  cap,  we 
also  prefer  solutions  for  higher  crustal  densities.  Therefore,  in 
cases  for  which  there  was  some  trade-off  between  density  and 
on  the  misfit  plots,  we  chose  the  value  of  which  gave  the 


minimum  misfit  for  pc  =  2700  to  2800  kg/m^.  This  choice  is 
consistent  with  that  of  Caimans  and  Cazenave  (1987],  who  used  pc 
c  2800  kg/m^,  allowing  us  to  direedy  compare  our  elastic  thickness 
values  from  the  Darwin  Rise  with  theirs  from  the  superswell. 

Figure  10  shows  the  RMS  contours  for  the  five  guyots  we 
surveyed  in  the  Japanese  Seamounts.  Values  for  T*  obtained  from 
shipbome  dau  arc  included  in  Figure  6a.  Note  the  good  agreement 
with  the  results  from  analyzing  the  satelliie  data,  even  at  the  detail 
of  both  studies  indicaiing  a  lower  elastic  plate  thickness  for  Thomas 
Washington  and  Stout  compared  to  the  others  in  the  cluster.  The 
possibility  of  an  elastic  plate  thickness  greater  than  15  km  for 
Makarov  based  on  the  shape  of  the  misfit  curve  for  deflecuon-of- 
ihc-vcrtical  data  is  not  seen  in  the  results  from  modeling  the  sea 
surface  data.  We  believe  that  unmodcled  high-frequency 
infonnaiion  in  the  satelliie  deflection  data  is  responsible  for  this 
discrepancy. 

Figure  1 1  shows  RMS  contours  for  five  guyots  in  the  Wake 
Guyots,  and  Figure  12  shows  RMS  contours  for  Darwin  Guyot  in 
the  Mid-Pacific  Mounuins.  Values  forT#  obtained  from  shipbome 


H  JAPANtSt  Bathymetry  (contour  iotervot  1  km) 


b  WAJtc  BATHYMETRY  (contour  iotervot  1  km) 


Fig.  7.  Track  of  Roundabout  Leg  10.  with  bathymetry  at  in  Figure  2.  (a) 
The  Japanese  Seamounts.  (6)  The  Wake  Guyots. 
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TABLE  2u.  0BDBS  Locfttkn  of  Seenoonts  in  Hgure  6a 


GRAVITY  MODEL  T«-10.0  (contour  intofval  50  cngoi) 


latitude 

1 

34.2"N 

143.9"E 

2 

3X8^ 

1483®E 

3 

3LT7f 

149J0«E 

4 

3U-N 

15li)®E 

5 

293«N 

1535®E 

6 

27.8*N 

145.8«E 

7 

273«K 

1453^ 

8 

273®N 

151.8®E 

9 

27.crN 

148.7*^ 

10 

2dO«N 

144irE 

11 

26,(rN 

145X)®E 

12 

25.8*N 

KJJTB 

TABLE  2A.  DBDB5  Location  of  Sc^noonii  in  Figure  6b 


Scamoiint 

1 

2. 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 


23.8«N 

23.8«N 

23.4*7^ 

23^«N 

23.1*N 

22.8®N 

22.8«N 

2Z7*N 

21J®N 

21^®N 

21^®N 

20*N 

21^®N 

21^*N 

20J«N 

20J'*N 

20^®N 

19.9®N 

19.8®N 

19.7®N 

19.7®N 

195*N 

193®N 

193*N 

18,4«N 

183«N 

18.0®N 

16.9®N 

16.6®N 

165«N 

16.0®N 

15J®N 

15.6'>N 


t^>ngkide 

1583®E 

1593®E 

1612^ 

mxy^ 

156.9*^ 

155JJ®E 

156J0^ 

160-9®E 

1593®E 

157.7®E 

1583®E 

162.8'E 

1633**E 

1663*E 

160.7®E 

1565*E 

1633«E 

161.9^ 

1573‘E 

1603®E 

166.9®E 

167.7®E 

166.7"E 

l«73"E 

\6SXrE 

165.9^ 

1673«E 

162.7*E 

165^«E 

167jO®E 

163.1®E 

1553“E 

160.4«E 


TABLE  2c.  DBDB5  Loc^ion  of  Seamounts  in  Figure  6c 


SeafTtoont 

Lonaitude 

1 

22.6-N 

1763*E 

2 

22.1*N 

171j6®E 

3 

21.9^ 

17S.1-E 

4 

2L4-N 

1763*E 

5 

2l,2^N 

173,8®E 

6 

21.2"N 

1742®E 

7 

2U*N 

rnXTE 

8 

2L0®N 

1785®E 

9 

2(X2^ 

174.1*E 

10 

2ai*N 

172iJ®E 

11 

19.0«N 

1732«E 

12 

18.4*N 

I80J®E 

13 

18.2*N 

1713®E 

14 

17.9*?^ 

1783®E 

15 

17.9«N 

178j6®E 

16 

173*N 

174jO®E 

17 

17.1*N 

1823*E 

Fig.  8.  Gravity  model  over  Takuyo-Daini  end  Seiko  seamounts,  T,  s=  10 
km.  Pc  =  2800  kg/m^.  Ship  track  is  shown  for  reference. 


SEIKO  (T,-  5.0  Pc-2.8  g/cm^) 


b  SEIKO  (T,-  10-0  p^-2.8  g/cm^) 


SEIKO  (T.-  20.0  Pe-2.8  g/cm») 


Fig.  9.  Profiles  of  observed  graviQr  (straight  line)  and  syntheses  (dashed 
line)  over  Seiko  seamoimt,  Pc  =  2800  kg/^.  (fl)  T#  «  5  km.  (&)  T#  *=  10 
km.  (c)  T,  =  20kin, 


Wolfe  AND  McNum  Compensation  ofCretaceous  Seamounts 


Fig.  10.  Contour  mtpf  of  RMS  miifit  between  red  and  lythedcgimvity  linei  griddedtgimst  Uiepttiroeten  of  dtfticplite  thickness 

and  density  for  five  seamotmu  in  the  Japanese  gioop.  (a)  Seiko.  (6)  Winieier.  (c)  Thomas  Washington,  (d)  Isakov,  (e) 
Makarov. 
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dau  (Figures  6b  and  6c)  again  showing  good  agreement  with  the 
satellite  results.  The  values  for  Scripps.  Pot,  and  Lamont  are  all 
constrained  between  10  and  15  km  for  higher  crustal  densities;  the 
values  for  Vibelius  and  Darwin  arc  lower,  at  5  and  0  km, 
respectively;  the  value  for  Woods  Hole  is  constrained  only  to  be 
greater  than  10  km. 

In  general,  given  the  high-quality  of  the  shipbomc  gravity  daU 
and  of  the  SASS  bathymetry,  results  from  shipbomc  gravity 
provide  the  best  estimate  of  T«.  Values  of  deflection  give  the  next 
best  estimate,  provided  that  the  seamount  is  well-located  and  that 


lithosphere  elsewhere.  The  age  of  the  lithosphere  at  the  time  of 
loading  is  larger,  being  50  to  80  m.y.,  for  most  of  the  Wake 
Seamounts,  whi^  erupted  later  than  the  Japanese  group  on 
lithosphere  that  formed  during  the  Jurassic  Quia  Zone  (160-169 
Ma),  The  results  from  modeling  the  sea  surface  gravity  dau  we 
collected  in  the  Wakes  also  confirm  the  low-T^  values  seen  in  the 
satellite  data,  providing  strong  evidence  for  the  existence  of  weak 
lithosphere  on  the  Darwin  Rise  when  the  seamount  groups  formed. 


the  bathymetry  is  of  good  quality.  Satellite  gravity  results 
underestimate  elastic  plate  thicknesses  over  seamounts. 

In  order  to  constrain  whether  the  Japanese  and  Wake  seamounts 
formed  on  young  lithosphere,  we  estimate  the  age  of  the  lithosphere 
from  the  magnetic  hneations  of  Nakar^hi  et  al.  (1989).  and  the  age 
of  the  volcanoes  is  based  on  ^®Ar/^^Ar  dating  [Ozuna  et  ni.,  1977) 
and  fossil  minimum  ages  from  rcefal  material  [Matthews  et  n/.. 
1974).  Volcanic  and  reefal  material  collected  from  guyots  during 
Roundabout  leg  10  arc  also  being  analyzed  to  obtain  radiometric 
and  paleontological  dates.  Preliminary  results  for  the  Japanese 
guyou  give  radiometric  dates  of  103  and  108  Ma  for  Isakov  and 
Winterer.  In  the  Wake  group,  dates  of  91  and  82  to  96  Ma  have 
been  obuined  for  Wilde  and  Lament  (R.  Duncan,  personal 


Fig.  12.  Contour  map  of  RMS  miifii  between  real  and  sythetic  gravity 
lines  gridded  against  the  parameters  of  elastic  plate  thickness  and  density 
for  Darwin  seamount  in  the  Mid-Pacific  group. 


communication,  1990).  Paleontological  dates  for  the  reef-capped 
guyots  indicate  that  these  reefs  drowned  at  approximately  98  Ma 
[/?.  Van  Waasbergen  et  al^  1990).  In  the  case  of  Darwin  guyot, 
magnetics  indicate  that  this  seamount  was  formed  in  M-series, 
before  118  Ma  (W.  Sager,  personal  communication,  1989). 

Based  on  these  ages,  all  of  the  constrained  Te  values  are  less 
than  expected  for  normal  oceanic  lithosphere,  and  fall  in  the 
superswell  region  on  Figure  1.  The  age  of  the  Itihosphcre  at  the 
time  of  loading  for  most  of  the  Japanese  Seamounts  is  40  to  60 
m.y.,  in  some  cases  just  marginally  large  enough  to  distinguish 
truly  the  superswell  range  of  Tg  values  from  those  of  normal 


CONO-USIONS 

Based  on  modeling  Seasat  gravity  and  deflection  of  the  vertical 
over  seamounts  of  the  Darwin  Rise,  we  find  that  the  Mid-Pacific 
Mountains  formed  on  the  weakest  plate,  consistent  with  formation 
of  these  volcanoes  in  a  near-ridge  environment,  as  proposed  by 
Winterer  and  Metzler  (1984).  The  Tg  values  for  the  Japanese  and 
Wake  region  show  more  scatter,  but  nowhere  are  values  defiiutely 
greater  than  15  km.  Despite  the  generally  good  agreement  between 
Tg  values  derived  from  the  interpolated  gravity  maps  and  the  direct 
modeling  of  deflection  of  the  vertical  along  satellite  passes,  errors 
in  the  dbdbS  dau  set  may  lead  to  incorrect  choices  of  elastic  plate 
thickness.  Therefore,  we  used  shipbome  gravity  to  obuin  more 
precise  estimates  of  Tg  for  five  seamounts  in  the  Japanese  group, 
five  in  the  Wake  group,  and  one  in  the  Mid-Pacific  Mountains.  The 
preferred  Tg  values  show  reasonable  agreement  with  satellite  values 
and  confimi  that  the  lithosphere  was  anomalously  weak  at  the  time 
of  volcanism,  supporting  the  hypothesis  that  the  seamounts  formed 
in  a  supcrswcll-typ>e  environment 
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Chapter  2 

The  Marquesas  archipelagic  apron: 

Seismic  Stratigraphy  and  Implications  for  Volcano  Growth, 

Mass  Wasting,  and  Crustal  Gnderplating 

Abstract 

Multichannel  seismic  lines,  sonobuoy  and  gravity  data  across  the  Marquesas  Islands  are 
used  to  study  volcano  growth,  island  mass-wasting,  and  crustal  undeiplating  at  island 
chains  with  overfilled  moats.  The  Marquesas  bathymetry  reflects  the  changing  thickness  of 
the  sedimentary  infill  rather  than  the  basement  topography.  The  moat  contains  two  major 
regions  of  differing  seismic  stratigraphy:  (1)  the  moat  edges,  where  a  unit  of  continuous 
layered  reflectors  is  present  containing  minor  lenses  of  chaotic  diffractors  and  (2)  the 
central  moat,  where  the  deep  moat  basins  are  overfilled  by  an  acoustically  opaque  unit  of 
discontinuous  reflectors  of  up  to  2  km  thickness,  in  places  capped  by  a  ponded  unit.  Plate- 
flexure  models  require  broad  underplating  of  the  crust  by  low  density  (crustal?)  material  at 
the  Marquesas  Islands  to  explain  the  depth  to  volcanic  basement  and  gravity  observations. 
The  seismic  velocities  and  seismic  stratigraphy,  as  well  as  the  general  structure  of  the 
islands  and  surrounding  seafloor,  indicate  the  apron  is  mostly  debris  from  island  mass 
wasting.  Reflectors  of  the  outermost  moat  generally  onlap  the  flexural  arch  in  the  lower 
section  and  offlap  and  overfill  it  in  the  upper  section.  In  the  central  moat,  reflectors  change 
shtq)e  from  concave  up  in  the  lower  section  to  convex  in  the  upper  section.  Three- 
dimensional  diffusion  models  of  sedimentation,  which  incorporate  a  time-dependent 
seafloor  deflection  from  progressive  island  loading  and  vary  sediment  influx  as  islands  are 
formed  and  mass  waste,  suggest  that  three  main  factors  make  the  moat  stratigraphy  at  the 
Marquesas  different  from  Hawaii:  (I)  the  Marquesas  moat  is  overfilled,  while  the 
Hawaiian  moat  is  underfilled,  (2)  sediment  diffusivities  are  lower  at  the  Marquesas,  and  (3) 
the  Marquesas  islands  are  separated  by  deep  sedimentary  basins,  in  contrast  to  Hawaii, 
where  islands  are  separated  by  a  shallow  ridge.  The  lower  sediment  diffusivity  at  the 
Marquesas  may  reflect  a  larger  proportion  of  “blocky”,  massive  material  in  the  central 
Marquesas  moat  or  alternatively  a  change  in  the  dominant  process  of  sediment  transport 
While  there  is  similar  sediment  supply  for  a  given  along-moat  distance  at  both  the 
Marquesas  and  Hawaii,  the  underfilled  moat  at  Hawaii  is  apparently  a  consequence  of 
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greater  moat  volumes  due  to  the  larger  size  of  the  Hawaiian  volcanoes,  and  possibly 
variations  in  underplating,  that  load  the  plate.  The  difference  in  sedimcnt/edifice  ratios  is 
likely  related  to  the  larger  eruption  rates  at  Hawaii  and  different  styles  of  volcano 
construction  between  Hawaii  and  the  Marquesas. 
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Introduction 

The  Marquesas  Islands  of  French  Polynesia  (Figure  1)  form  a  100  km  wide  by  4(X)  km 
long  linear  island  chain  where  hotspot  volcanism  has  been  relatively  shon-lived,  from 
about  6  Ma  at  Eaio  to  1  Ma  at  Fatu  Hiva  [e.g.,  Duncan  and  McDougall,  1974;  Brousse  et 
al.,  1990;  Desonie  et  al.,  1993].  No  flexural  depression  is  evident  in  the  bathymetry,  but 
instead  there  is  a  classic  archipelagic  apron  [Menard,  1956]  covering  the  moat  and 
preexisting  seafloor.  The  underlying  flexure  from  island  loads  is  apparent  in  the  gravity 
data  and  can  be  modeled  with  an  elastic  plate  of  about  thickness  (Te)  17  km  [Filmer  et  al., 
1993],  much  less  than  the  Te  of  about  30  km  observed  at  the  Hawaiian  islands,  where  a 
moat  and  arch  are  observed  [Watts,  1978;  Wessel,  1993].  This  study  uses  seismic 
stratigraphy  and  quantitative  flexural  and  sedimentation  models  to  learn  more  about  the 
processes  that  form  the  Marquesas  apron  and  make  it  different  from  the  underfilled  moat  at 
Hawaii. 

ten  Brink  and  Watts  [1985]  model  the  seismic  stratigraphy  on  a  tine  across  the  Hawaiian 
chain  using  a  two-dimensional  loading  geometry  and  assuming  that  each  sediment  unit  fills 
the  moat  depression  to  an  even  level.  The  pattern  of  onlap  of  the  arch  in  the  lower  section 
and  offlap  in  the  upper  section  can  be  generated  by  prolonged  (>  1  m.y.)  viscoelastic 
relaxation  of  the  lithosphere.  However,  a  more  realistic  model  using  3-D  loading  geometry 
and  considaing  the  progressive  loading  of  an  elastic  plate  by  new  islands  can  create  a 
similar  pattern  of  across-moat  stratigraphy  without  requiting  viscoelastic  relaxation  \Watts 
and  ten  Brink,  1989].  The  study  of  several  across-moat  and  along-moat  profiles  of  single 
channel  seismic  reflection  data  indicates  that  Hawaiian  moat  stratigraphy  is  influenced  by 
the  dual  effects  of  lithospheric  flexure  from  progressive  island  loading  and  sedimentation 
from  large-scale  mass  wasting  [Rees  et  al.,  1993].  This  result  is  consistent  with  GLORIA 
images  revealing  submarine  landslide  deposits  from  slumps  or  debris  avalanches 
throughout  the  Hawaiian  moat  [Moore  et  al.,  1989].  Such  landslide  deposits  segment  the 
moat  into  a  series  of  sub-basins  and  control  lateral  transport  of  sediment  along  the  moat 
[Moore  et  al.,  1989;  Rees  et  al.,  1993].  Previously  collected  single-channel  seismics  and 
3.5  kHz  data  at  the  Marquesas  apron  also  indicate  a  large  component  of  volcanic  debris 
[Filmer  et  al.,  1994],  yet  this  data  is  of  low  signal-to-noise  and  limited  penetration. 

Island  construction  and  erosion  at  the  Marquesas  is  distinctive.  The  volcanoes  exhibit  a 
succession  of  edifice  building  stages:  generally  an  outer  volcano  is  formed  and  followed 
by  caldera  collapse,  then  an  inner  volcano  is  formed  within  the  caldera  and  similarly 
followed  by  caldera  collapse  [c.f.,  Chubb,  1930;  Brousse  etal.,  1978;  Brousse  etal.. 
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1990].  Unlike  Hawaiian  volcanoes,  the  intensity  of  successive  magmatic  phases  does  not 
diminish  with  time  [Brousse  et  al.,  1990].  Catastrophic  mass  wasting  occurred  at  several 
islands  following  construction  (Eiao,  Hatutu,  Nuku  Hiva,  Ua  Huka,  Hiva  Oa,  Fatu  Hiva, 
Tahuata,  and  Motagne— note  the  crescent  shape  of  most  of  these  islands  in  Figure  1),  in 
each  case  resulting  in  the  disappearance  of  up  to  half  of  the  subaerial  structure,  leaving  a 
crescent-shaped  caldera  and  a  well-developed  amphitheater  that  borders  the  sea  [c.f. 

Chubb,  1930;  Brousse  et  al.,  1978]. 

In  this  papCT  multichannel  seismic  lines,  sonobuoy  and  gravity  data  across  the 
Maix}uesas  Islands  are  used  to  characterize  the  seismic  stratigraphy  of  an  archipelagic 
apron,  compare  the  depth  to  the  volcanic  basement  with  plate  flexure  models,  and 
understand  how  apron  stratigraphy  is  influenced  by  the  dual  effects  of  sediment  influx  and 
subsidence  from  progressive  island  loading  of  an  elastic  plate.  We  find  that  plate-flexure 
models  provide  evidence  for  crustal  underplating  beneath  the  Marquesas  and  use  models  of 
diffusive  sedimentation  and  flexure  fix)m  progressive  island  loading  to  help  explain  why  the 
sedimentation  history  of  the  flexural  moats  at  the  Marquesas  and  Hawaii  are  so  different. 

Data  Acquisition  and  Processing 

The  RA'  Maurice  Ewing  cruise  EW  91-03  collected  cross-moat  profiles  of  multichannel 
seismic  (MCS)  reflection  data  at  three  inter-island  regions  (Figure  1).  The  MCS  streamer 
had  148  channels  with  25  m  spacing  and  data  were  recorded  at  a  4  milliseconds  sampling 
interval.  Twenty  airguns  were  deployed  with  a  total  source  volume  of  8385  in3,  and  shots 
were  fired  at  a  20  s  interval.  Individual  traces  were  binned  at  25  m,  gathered,  and  stacked 
at  Lamont-Doherty  Earth  Observatory.  Digitized  line  drawings  shown  in  Figure  2  were 
made  from  bandpassed  common  depth  point  (CDP)  data  (6-60  Hz),  corrected  for  spherical 
divCTgence  and  redisplayed  at  large  scales. 

Sixteen  sonobuoys  were  deployed  across  line  1 162,  which  give  velocity  information  on 
the  sedimentary  section  and  constrain  depth  to  volcanic  basement  Solutions  from  forward 
modelling  are  shown  in  Figure  3.  The  flexure  of  the  oceanic  lithosphere  from  island 
loading  is  apparent  in  the  changing  depth  to  volcanic  basement  and  depth  to  Moho, 
although  Moho  reflections  wa*e  only  observed  away  from  the  central  island  region. 

Outside  the  moat  a  unit  of  thin,  low  velocity  (~2.5  km/s)  sediment  is  present.  Within  the 
moat,  sediments  thicken  and  velocities  increase  to  >  4.0  km/s,  as  indicated  by  both 
refraction  data  (see  Figure  4)  and  independent  semblance  analysis  of  MCS  data.  Such  high 
seismic  velocities  have  been  reported  for  the  moat  infill  at  Hawaii  [ten  Brink  and  Watts, 
1985;  Rees  et  al,  1993]  and  the  Marquesas  [Filmer  et  al.,  1994],  and  are  consistent  with 
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volcanic  material  derived  from  island  mass  wasting.  There  is  about  2-3  km  of  this  high- 
velocity  sedimentary  material  within  the  Marquesas  central  island  moat  (Figures  3  and  5). 

The  digitized  time  sections  in  Figure  2  are  converted  to  depth  sections  (Figure  5)  for 
more  complete  study  of  seismic  stratigraphy,  to  constrain  the  depth  to  volcanic  basement 
for  flexural  modeling  and  to  compare  the  results  of  diffusion  modeling  with  moat 
stratigraphy.  For  line  1162  sonobuoy  velocities  are  used  and  for  lines  1 153  and  1 155  we 
adopt  a  generalized  velocity  model,  based  on  velocities  along  line  1 162,  consisting  of  0.2  s 
of  2.5  km/s  material  overlying  a  unit  of  4.0  km/s  material. 

Stratigraphy  of  the  Marquesas  Moat 

We  define  three  regions  of  different  stratigraphy:  the  abyssal  hill  area,  the  moat  edges, 
and  the  central  moat  (Figure  2).  As  shown  below,  the  seismic  stratigraphy  indicates  that 
the  Marquesas  moat  is  overfilled  with  sediment  primarily  derived  from  island mass 
wasting.  The  high  seismic  velocities  of  moat  sediments  (Figure  3)  and  evidence  from 
island  structure  for  catastrophic  mass  wasting  [c.f.,  Chubb,  1930;  Brousse  et  al.,  1978; 
Brousse  et  al.,  1990]  are  consistent  with  this  conclusion. 

Outside  the  moat,  a  thin  (~0.2  s),  well-bedded  sedimentary  unit  is  present  that  partially 
fills  the  lows  between  the  abyssal  hills  (Figures  2  and  6).  The  low  sediment  velocities  and 
thicknesses  of  this  unit  are  consistent  with  pelagic  sediment  that  has  accumulated  over  time 
on  the  underlying  basement  Diffractive  volcanic  basement  is  apparent  beneath  this  thin 
unit  (Figure  6),  but  gradually  disappears  near  the  moat  edges  as  sediments  thicken. 

At  the  moat  edges,  the  flexed  volcanic  basement  is  completely  buried  by  a  well-defined 
section  of  continuous  reflectors  0.2- 1.0  s  thick,  containing  occasional  lenses  of  diffractive 
material  (Figure  7).  This  unit  resembles  the  landslide  unit  observed  by  Rees  et  al.  [1993]  at 
the  outer  portion  of  the  Hawaiian  moat  The  chaotic  zones  are  characterized  by  a  high 
frequency  of  diffractions  that  are  not  clearly  associated  with  complex  stratal  geometries  or 
stratal  discontinuities.  Rees  et  al.  [1993]  suggest  that  incoherent  diffractions  result  fixjm 
large  (~100  m)  basaltic  blocks  embedded  in  a  matrix  of  poorly  sorted  volcanic  debris, 
whereas  the  continuous  reflectors  are  likely  finer-grained  and  better-sorted  turbidites  that 
form  the  distal  facies  of  these  landslide  deposits.  Across-moat  transport  of  sediment  is 
evident  at  the  western  side  of  line  1 155,  where  material  traveling  outwards  from  the  central 
moat  region  is  dammed  by  a  local  high  (Figure  7). 

In  the  central  moat,  proximal  to  the  islands,  there  is  a  unit  with  seismic  characteristics 
(hummocky  reflectors,  chaotic  diffractors,  discontinuous  reflectors,  and  acoustic 
opaqueness)  indicating  that  it  contains  a  large  component  of  poorly  sorted  material  from 
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island  mass  wasting.  In  this  region,  the  moat  is  overfilled,  with  seafloor  bathymetry 
indicating  the  changing  thickness  of  the  sedimentary  section  rather  than  the  position  of  the 
flexed  basement  beneath  (Figure  5),  and  contains  a  thick  (>1  s)  unit  of  discontinuous 
reflectors  associated  with  high  (^.0  m/s)  seismic  velocities.  This  unit  is  more  acoustically 
opaque  than  the  oceanic  cmst  beneath,  and  is  capped  by  a  ponded  section  of  more 
continuous  reflectors,  sometimes  containing  lenses  of  chaotic  diffractors.  Although  no 
well-defined  basement  reflector  is  present,  we  interpret  the  base  of  the  reflective  unit  to 
mark  volcanic  basement,  consistent  with  sonobuoy  velocity  models  along  line  1 162. 

At  regions  of  steep  volcanic  topography,  there  is  evidence  of  slumping  in  the  uppermost 
section  (lines  1153  and  1 162).  Reflectors  having  hummocky  topography,  a  characteristic 
feature  of  the  seafloor  at  landslides  [e.g..  Prior,  1984;  Lipman  et  al.,  1988;  Moore  et  al., 
1989],  can  be  traced  on  the  upper  sections.  On  line  1 162,  for  example,  a  hummocky 
reflector  near  4.8  s  (Figure  2  and  Figure  8)  marks  the  boundary  between  a  ponded  unit  of 
continuous  reflectors  above  and  a  unit  of  discontinuous  reflectors  below.  Migration 
collapses  diffractions  throughout  the  section  and  reveals  only  a  slightly  more  continuous 
pattern  of  reflectors  (Figure  8b).  Note  that  diffractions  at  the  basal  layer,  near  6.0  s  and 
CDP  16300,  are  bowties  from  synclines.  On  lines  1 153  and  1 155,  the  deep  reflectors  are 
more  discontinuous  and  difficult  to  trace  laterally  than  on  line  1162  (Figure  9).  There  are 
landslide  ridges  along  line  1 162  and  line  1 153  (Figures  2  and  5),  reminiscent  of  the  debris 
ridges  produced  by  island  mass  wasting  at  the  Hawaiian  moat  [Moore  et  al.,  1989]. 

While  sediment  fill  at  the  moat  edges  resembles  the  landslide  unit  observed  at  the 
Hawaiian  moat,  no  equivalent  to  the  Marquesas  central  moat  unit  has  been  observed  at 
Hawaii.  The  character  of  the  MCS  data  indicates  a  higher  proportion  of  poorly  sorted  and 
blocky  landslide  material  within  the  Marquesas  central  moat  than  at  the  moat  edges. 

Chaotic  diffractors  can  be  identified  in  the  ponded  unit  and  in  the  topmost  portion  of  the 
unit  of  discontinuous  reflectors,  but  they  cannot  be  identified  at  greater  depths  where  the 
section  is  opaque  and  entirely  "chaotic".  A  similar  pattern  has  been  noted  to  occur  at  a 
continental  margin,  where  subbottom  profiles  of  debris  flow  deposits  show  no  coherent 
internal  reflectors,  although  zones  of  high-amplitude  returns  are  present  [Prior  et  al, 

1984].  The  discontinuous  nature  of  deep  reflectors  at  the  Marquesas  may  result  from 
deposition  of  finer-grained  sediments  in  an  area  where  seafloor  topography  changes  rapidly 
as  multiple  landslide  events  occur,  creating  local  basins  that  channel  sediment  transport. 
Remolding  of  fine-grained  turbidite  or  ponded  sequences  by  submarine  landslides  may  also 
be  important.  Some  remolding  of  seafloor  sediments  and  incorporation  into  a  debris  flow 
was  suggested  by  Prior  et  al.  [1984]  to  occur  at  a  continental  margin  area. 
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The  stratigraphic  pattern  at  the  Marquesas  is  also  distinct  from  that  observed  at  Hawaii 
[ren  Brink  and  Watts,  1985;  Watts  and  ten  Brink,  1989;  Rees  et  al.,  1993].  On  line  1 162, 
in  the  center  of  the  island  chain  (Figure  5),  moat  edge  reflectors  onlap  the  arch  in  the  lower 
section  and  offlap  and  overfill  the  moat  in  the  upper  section.  Reflectors  at  the  moat  edges 
along  line  1 153  and  the  eastern  side  of  1 155  also  suggest  this  pattern  of  onlap  and  offlap, 
although  reflectors  are  laterally  discontinuous  and  difficult  to  interpret  (Figure  5).  In  the 
central  moat,  reflectors  change  shape  from  concave  up  in  the  lower  section  to  convex  in  the 
upper  section. 

Lithospheric  Flexure:  Evidence  for  Underplating 

Seismic  studies  at  the  Marquesas  [Caress  et  al.,  1992]  and  Hawaii  [Watts  et  al.,  1985] 
indicate  that  deep  crustal  underplating  of  high-velocity  crustal  material,  or  alternatively  low- 
velocity  mantle,  occurs  beneath  the  center  of  these  island  chains.  We  find  that  basement 
deflection  and  gravity  data  at  the  Marquesas  also  provide  evidence  for  broad  underplating 
of  low-density  (relative  to  mantle)  material. 

Flexural  models  using  a  simple  elastic  plate  model  with  a  thickness  of  about  17  km  can 
successfully  fit  gravity  data  across  the  Marquesas  [Filmer  et  al.,  1993],  but  consistently 
overestimate  the  deflection  of  volcanic  basement  (Figure  5).  This  misfit  occurs  both  near 
the  moat  edges,  where  the  thinly-sedimented  diffractive  basement  is  well-constrained,  and 
in  the  thickly-sedimented  central  moat  regions,  where  basement  is  not  as  clearly  defined 
and  may  be  overlain  by  a  volcanic  carapace.  The  misfit  is  large  and  cannot  be  accounted 
for  by  reasonable  variations  in  crustal  density  or  elastic  plate  thickness.  While  the  top 
loading  model  in  Figure  5  is  that  which  fits  the  gravity  (Te=17  km),  no  top  loading  model 
is  capable  of  Fitting  the  seismic  reflectors.  The  larger  elastic  plate  thickness  required  to 
match  the  maximum  basemennt  deflection  produces  a  moat  that  is  too  wide  for  the 
observations  and  gravity  anomalies  far  in  excess  of  anything  seen.  Separate  calculations 
WCTe  made  using  seafloor  bathymetry  and  using  reduced  bathymetry  corrected  for  swell 
topography  (refer  to  Filmer  et  al.  [1994]  for  further  information),  since  incorrectly 
modeling  swell  topography  as  surface  loads,  rather  than  as  a  response  to  subsurface 
thermal  loads,  will  overpredict  deflection.  This  effect  has  been  shown  to  be  signiflcant  at 
Hawaii  [Wessel,  1993].  Because  swell  amplitudes  at  the  Marquesas  are  small  (about  500 
m  peak  to  peak),  deflections  obtained  from  raw  and  reduced  bathymetry  are  similar,  and  we 
only  show  models  made  with  raw  bathymetry.  There  is  a  region  of  anomalously  deep 
seafloor  in  the  southwest  (Figure  1),  unrelated  to  island  loading  and  causing  the  seafloor  to 
slope  along  lines  1162  and  1153  (see  Figures  2  and  5  and  note  that  on  line  1 162  a  scarp 
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marks  the  transition  to  deep  seafloor).  Top-loading  models  for  these  two  lines  had  a  plane 
removed  prior  to  the  flexure  calculations,  which  was  later  added  back  to  the  deflection. 

We  follow  a  method  based  on  Forsyth  [1985]  to  explore  the  effect  of  loading  from 
below  by  underplating  of  low-density  (relative  to  the  mantle)  material  beneath  the 
Marquesas  (Figure  10).  We  assume  that  surface  and  subsurface  loads  are  anti-correlated, 
such  that  high  volcanic  edifices  are  underlain  by  thick  underplated  crust.  In  the  Fourier 
domain,  the  expression  for  relief  of  the  Moho,  WT(k),  and  topography,  HT(k),  from  the 
applied  load  (pc'Pw)(HT(^^)'Wx(k))  on  top  on  the  plate  is: 


WT(k)= 


-(pc-Pw)HT(k) 

(Pm"Pc)^ 


(1) 


where 


^=14 


(pm'PclS 


(2) 


and 


E)=- 


ETl 

12(1-v2) 


(3) 


D  is  the  flexural  rigidity  of  the  plate,  calculated  using  an  elastic  plate  thickness  (Te)  of  17 
km  and  a  Young’s  modulus  (E)  of  SxlQiO  N/m,  v  is  Poisson’s  ratio,  taken  as  0.25,  g  is  the 
gravitational  acceleration,  k  is  the  two-dimensional  wavenumber,  k=27i/h=\k\,  pc  is  the 
average  crustal  density  and  also  the  density  of  the  infilling  moat  mataial  (2650  kg/m^),  p^ 
is  mantle  density  (3300  kg/m^),  and  Pw  is  water  density  (1000  kg/m^). 

Loading  on  the  Moho  by  an  applied  underplating  load  -(Pm‘Pu)(WB(k)-HB(k)),  where 
Pu  is  the  density  of  the  underplating  material,  results  in  a  final  relief  at  the  Moho,  WB(k), 
and  elevation  at  the  surface,  HB(k),  such  that: 
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WB(k)= 


-(Pu-pw)HB(k)(t) 

(Pm'Pu) 


(4) 


where 


(|)=K 

(Pu"Pw)S 


(5) 


If  the  ratio  of  the  weight  of  the  applied  bottom  load  to  the  weight  of  the  applied  top  load 
is/  and  loads  from  below  and  above  are  180°  out  of  phase,  then  the  bathymetry,  H(k),  can 
be  separated  into  Hxfk)  and  HB(k),  and  one  can  calculate  WT(k)  and  WB(k).  At  an 
average  level  of  seafloor  bathymetry,  zt,  basement  deflection  is  (HB(k)+WT(k)).  At  the 
average  Moho  level,  Zm,  the  crustal/underplating  interface  is  Wjfk),  and 
underplating/Moho  interface  is  (WB(k)+WT(k)).  The  gravity  anomaly  is  calculated  by 
Parker’s  [1973]  method  using  five  terms.  The  gravity  anomaly  arises  from  (1)  bathymetry, 
H(k),  with  density  anomaly  (Pc-Pw)  at  zt,  and  (2)  crustal  topography,  Wxfk)  at  depth  Zm, 
with  density  anomaly  (Pm-Pc)*  and  (3)  underplating  material  at  depth  Zm,  having  bottom 
interface  (HB(k)+WT(k))  and  top  interface  WjCk),  with  density  contrast  (pm-Pu)- 
We  find  that  a  single  f  ratio  at  all  wavelengths  cannot  simultaneously  model  both 
basement  deflection  and  gravity  data.  We  relax  this  assumption  and  allow  the  underplating 
body  to  be  smoother  than  the  bathymetry  because  this  is  needed  to  fit  both  sets  of  data. 
Gravity  profiles  (Figure  1 1)  and  basement  deflection  (Figures  5  and  12a)  are  well  predicted 
using  an/  value  of  about  0.25  for  wavelengths  >  300  km  and  an/of  zero  for  wavelengths 
<  300  km  (f=Q  reduces  to  the  standard  flexural  equations  (1)  and  (2)).  W ess  el  [1993] 
constrained  infill  density  and  Te  at  Hawaii  by  a  parameter  search  minimizing  the  root-mean- 
square  (rms)  difference  between  predicted  and  observed  plate  deflection  on  an  across  moat 
line.  Because  of  the  range  of  free  parameters  in  this  study  (underplating  geometry  as  well 
as  Te  and  Pc),  we  perform  only  a  limited  search  of  different  underplating  models,  using 
fixed  Te  and  pc,  that  visually  fit  gravity  and  seismic  data.  Since  there  is  a  trade-off  between 
underplating  density  and  undeiplating  thickness,  MCS  and  gravity  data  can  be  fit  either 
with  underplating  by  up  to  8  km  of  high-density  3100  kg/m^  material  (Figure  12b)  or  up  to 
2  km  of  average  cmstal  material  (2650  kg/m^).  Our  model  also  contains  negative 
underplating,  equivalent  to  about  5(X)  m  of  cmstal  thinning,  in  the  anomalous  region  of 
deep  seafloor  to  southwest,  but  we  do  not  suggest  that  such  thinning  is  necessarily  real. 
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MCS  data  and  flexural  mcxiels  imply  broad  crustal  underplating  beneath  the  Marquesas 
Islands  (Figure  12b)  so  that  basement  deflections  (Figure  12a)  are  less  than  the  prediction 
of  simple  top-loading  models.  Although  we  cannot  uniquely  resolve  the  density  structure, 
our  model  of  underplating  by  high  density  crustal  material  is  consistent  with  the  high 
seismic  velocities  observed  beneath  the  Marquesas  and  Hawaii,  applying  laboratory- 
derived  velocity-density  relations  for  oceanic  rocks  [Christensen  and  Salisbury,  1975]. 

The  predicted  thickness  of  such  material  beneath  line  1 162  is  consistent  in  amplitude  and 
position  with  preliminary  results  of  an  OBS  experiment  along  this  same  track  [Caress  et  al., 

1992] ,  but  it  is  of  broader  extent.  The  effects  of  undeiplating  on  plate  deflection  have  not 
been  adequately  explored  at  Hawaii,  although  there  the  underplating  hypothesis  has  been 
controversial  [Lindwall,  1988].  Watts  and  ten  Brink  [1989],  using  2-D  models,  find 
observed  basement  deflection  can  be  predicted  by  either  a  40-km  plate  with  surface  loading 
or  a  25-km  plate  with  both  surface  and  subsurface  loads.  Wessel  [1993],  however,  has 
shown  that  basement  deflection  can  also  be  fit  by  a  25-km  plate  with  surface  loading  once 
raw  bathymetry  has  been  corrected  for  the  significant  effects  of  swell  loading  from  below. 
Further  work  using  3-D  models  that  account  for  swell  loads  and  possible  underplating 
geometries  could  help  to  evaluate  the  influence  of  underplating  at  Hawaii. 

Models  of  Moat  Sedimentation  at  Marquesas  and  Hawaii 

The  stratigraphy  at  the  Marquesas  and  Hawaiian  moats  can  be  described  using  flexural 
models  to  account  for  progressive  island  loading  and  simple  diffusive  models  of  sediment 
transport,  where  the  slope  of  topography  and  location  of  sediment  supply  arc  important 
factors.  The  diffusion  theory  of  erosion  and  sediment  transport  was  first  proposed  by 
Culling  [1960],  and  has  since  been  applied  at  various  tectonic  settings  [e.g.,  Kenyon  and 
Turcotte,  1985;  Moretti  and  Turcotte,  1985;  Flemings  and  Jordan,  1989;  Webb  and  Jordan, 

1993] .  Kenyon  and  Turcotte  [1985]  show  that  the  diffusion  equation  is  a  good 
approximation  of  bulk-sediment  movements  (at  low  slopes),  such  as  creep  and  landsliding, 
in  subaqueous  environments. 

If  the  seafloor  bathymetry  is  a  combination  of  basement  height,  b(x,t),  and  sediment 
thickness,  s(x,t),  then  the  3-dimensional  diffusion  equation  can  be  written  as; 
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CfS  9 

—  =  kV  (b+s)  +  F(x,t) 
dt 

(6) 


where  k  is  the  diffusivity  governing  lateral  transport  and  the  sedimentation  rate,  F(x,t),  is 
the  sediment  source  term  at  the  two-dimensional  position  x  and  time  t.  This  result  follows 
from  assuming  that  lateral  sediment  flux,  fl,  is  proportional  to  slope: 


fl  =  -KV(b+s) 

(7) 


and  applying  the  continuity  equation: 


—  =  -Vfl  +  F(x,t) 

at 


(8) 


We  use  an  explicit  method,  based  on  the  work  of  Webb  and  Jordan  [1993],  to  solve  (6) 
numerically  on  an  nCUBE  massively  parallel  computer.  For  each  calculation,  the  time 
interval.  At,  is  chosen  such  that  KAt/(Ax)7=0.2  to  ensure  stability.  Sediment  thickness, 
s(x,t),  is  constrained  to  be  greater  than  or  equal  to  zero  to  prevent  basement  erosion.  We 
allowed  seafloor  height  to  change  according  to  the  change  in  basement  deflection  as 
progressive  island  loading  flexes  an  elastic  lithosphere  (see  previous  section).  The  flexure 
calculation  includes  the  sediment  effect  in  the  bouyancy  term  and  does  not  account  for 
variations  in  the  sediment  fill.  Because  the  volcanoes  are  the  largest  loads  on  the  plate, 
variations  in  overfilling  versus  underfilling  are  second  order  in  the  deflection.  The  position 
of  the  sediment  sources,  F(x,t),  was  changed  over  time  as  islands  are  formed  and  mass 
waste.  Synthetic  sediment  units  are  defined  from  the  thickness  of  sediments  deposited 
within  a  constant  time  interval  (0.75  m.y.)  when  no  flexure  is  ongoing.  Immediately  prior 
to  a  change  in  deflection,  the  previously  diffusing  sediment  unit  is  fixed  and  subsequently 
not  allowed  to  change  thickness.  The  actual  deflection  of  die  seafloor  will  be  more  gradual 
than  these  simple  models,  and  in  addition  the  moat  will  widen  and  deepen  as  it  is  filled  by 
sediment. 

The  loading  geometries  taken  to  model  sediment  stratigraphy  over  a  period  of  6  m.y.  at 
the  Marquesas  and  Hawaii  are  given  in  Figure  13.  These  geometries  were  chosen  because 
the  Marquesas  bathymetry  is  3-dimensional,  with  islands  being  separated  by  deep  basins. 
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while  the  bathymetry  at  Hawaii  is  more  2-dimensional,  with  islands  separated  by  shallow 
ridges.  A  Marquesas-type  model  is  created  by  placing  a  circular  load  of  50  km  radius  and 
4.5  km  height  onto  a  20-km  elastic  plate  every  1.5  m.y..  Loads  are  centered  160  km  apart, 
deflections  are  calculated  assuming  the  moat  is  filled  to  the  level  of  the  surrounding,  flat 
seafloor,  and  load  density  is  reduced  to  2300  kg/m^  to  simulate  the  effect  of  underplating 
and  produce  slop)es  similar  to  those  in  Figure  5.  The  effect  of  island  mass-wasting  is 
included  by  placing  sediment  sources,  F(x,t),  within  a  10-km  thick  ring  around  the  base  of 
a  circular  load.  Grid  spacing  is  8  km.  A  Hawaiian-type  model  is  created  by  changing  the 
spacing  to  80  km,  loading  the  plate  every  0.75  m.y.,  and  using  a  normal  density,  to 
approximate  slopes  shown  by  Watts  and  ten  Brink  [1989].  In  both  cases,  sedimentation 
rates  around  each  load  are  high  only  for  a  period  of  1.5  m.y.  after  emplacement;  the 
Hawaiian-type  model  contains  an  additional  0.75  m.y.  of  low  sediment  flux,  creating  a 
topmost  ponded  unit.  We  put  a  similar  volume  of  sediment  in  Hawaiian  and  Marquesas 
models  (the  sedimentation  rate  at  the  Marquesas  edifaces  is  set  to  be  slightly  higher). 

The  Marquesas-type  stratigraphy  in  Figure  14  (k=1.0x1010  m^/m.y.)  bears  similarity  to 

the  seismic  stratigraphy  at  the  northeastern  section  of  line  1 162  (Figure  5):  onlap  in  the 
lower  section,  with  concave  up  units  in  the  central  basin,  then  offlap  and  overfill  in  the 
upper  section,  with  central  units  convex  in  the  central  basin.  The  development  of  this 
pattern  occurs  as  follows.  Sediment  from  a  newly  formed  island  diffuses  into  a  thinly 
sedimented  moat  (the  basal  unit  is  fi'om  sediment  transported  along-moat  prior  to 
emplacement  of  nearby  islands),  at  each  time  interval  creating  a  higher  central  mound  of 
sediment  that  extends  greater  distances  from  the  source.  After  1.5  m.y.,  another  island 
load  flexes  the  seafloor,  changing  the  shape  of  central  moat  reflectors  from  convex  to 
concave  up  and  creating  new  space  for  sediment,  which  causes  offlap  in  the  sediment  unit 
following  this  event.  Sediments  then  continue  to  overfill  the  moat  and  extend  outward. 
Because  the  Hawaiian-type  model  in  Figure  14  uses  a  high  diffusivity  (k=2.5x1011 
m2/m.y.),  it  resembles  the  synthetic  stratigraphy  of  Watts  and  ten  Brink  [1989],  which  was 
created  using  the  assumption  that  each  sediment  unit  fills  the  nxiat  up  to  an  even  level. 

Such  a  model  is  in  agreement  with  across-moat  stratigraphy  at  Hawaii  [Rees  et  al.,  1993]. 
The  horizontal  limit  of  sediment  infilling  at  Hawaii  is  controlled  by  the  sloping  moat  edges 
and  flexural  arch,  while  at  the  Marquesas  sediments  mound  in  the  central  moat  and  the 
lateral  extent  of  the  apron  is  limited  because  sediment  diffusivities  are  low.  Higher 
diffusivites  at  the  Marquesas  would  cause  central  moat  sediments  to  be  thinner  and 
sediments  would  be  transported  out  to  a  broader  lateral  extent.  Lower  diffusivities  at 
Hawaii  would  cause  sediments  to  mound  near  the  edges  of  volcanic  edifices. 
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These  models  suggest  that  three  main  factors  cause  seismic  stratigraphy  at  the 
Marquesas  to  differ  from  that  at  Hawaii:  ( 1 )  the  Marquesas  moat  is  overfilled,  while  the 
Hawaiian  moat  is  underfilled,  (2)  sediment  diffusivities  are  lower  at  the  Marquesas,  and  (3) 
the  Marquesas  bathymetry  is  3-dimensional,  with  islands  being  separated  by  deep  basins, 
in  contrast  to  the  more  2-dimensional  bathymetry  at  Hawaii,  where  islands  are  separated  by 
a  shallow  ridge.  Viscoelastic  relaxation  of  the  lithosphere  is  not  required  to  model  the 
complex  stratigraphy  at  these  two  island  chains. 

In  the  along-moat  direction,  diffusion  models  show  sediment  units  tilted  in  the  direction 
of  load  migration,  although  these  predictions  of  along-moat  stratigraphy  may  not  be  as 
relevant.  Rees  et  al.  [1993]  find  that  along-moat  stratigraphy  at  Hawaii  does  not  follow  the 
prediction  of  Watts  and  ten  Brink  [1989]  (and  of  our  diffusion  models),  and  suggest  this 
discrepancy  arises  because  mass-wasting  is  episodic  and  along-moat  transport  is  affected 
by  landslide  deposits  that  segment  the  moat  into  a  series  of  sub-basins.  Since  changes  in 
slope  from  progressive  island  loading  are  greatest  in  the  along-moat  direction,  previously- 
deposited  material  (which  sediment  models  fix  to  the  seafloor)  may  also  be  deformed  in  the 
direction  of  load  migration,  smoothing  out  the  along-moat  pattern  of  stratigraphy. 

Discussion 

Plate  flexure,  island  geometries,  and  sediment  influx  from  island  mass  wasting  are 
important  influences  on  moat  stratigraphy,  but  why  is  the  moat  underfilled  at  Hawaii  and 
overfilled  at  the  Marquesas?  Below  we  examine  sediment/edifice  ratios,  which  imply  that 
the  relationships  between  volcano  growth,  mass  wasting,  and  moat  infill  are  not  the  same  at 
these  two  island  chains. 

Grids  of  seafloor  bathymetry  (Figure  1)  and  the  depth  of  deflected  volcanic  basement 
(Figure  12a)  are  used  to  infer  the  volume  of  material  filling  Marquesas  moat  over  an  apron 
area  consistent  with  the  seismic  data  of  EW91-03  and  moat  limits  of  Filmer  et  al.  [1994] 
Taking  features  shallower  than  2.5  km  depth  to  be  volcanic  edifices  the  moat  contains 
240,000  km^  sediment.  The  volume  of  volcanoes  calculated  from  a  base  of  4  km  depth  is 
50,000  km^;  the  total  volume  of  volcanoes  above  the  base  of  the  deflected  basement  is 
90,000  km^.  At  Hawaii,  our  estimates  are  less  precise.  Rees  et  al.  [1993]  estimate  over 
90,000  km^  of  sediment  in  the  northeastern  portion  of  the  moat  between  Hawaii  and  Kauai, 
which  suggests  there  is  about  200,000  km^  moat  sediment  in  a  region  similar  in  along-moat 
length  to  the  length  of  the  Marquesas.  Using  dbdb5  bathymetry,  we  find  that  the  volume 
of  material  above  a  base  of  4  km  depth  (presumed  to  be  volcanic  edifice)  is  230,000  km^. 
Since  the  deflected  basement  reaches  depths  of  8  km  [e.g..  Watts  et  al.,  1985],  the  total 
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volume  of  volcanoes  could  be  as  much  as  twice  this  amount.  These  estimates  neglect 
sediment  deposited  between  islands.  For  example,  a  basin  in  the  volcanic  ridge  at  Molokai 
channel  contains  up  to  4  km  thickness  of  sediment  [ten  Brink  and  Brocher,  1987]. 

According  to  these  rough  calculations  there  is  about  an  equal  amount  of  sediment  in  the 
moat  between  Hawaii  and  Kauai  as  in  the  Marquesas,  but  that  the  ratio  of  sediment  volume 
to  total  island  volcanics  above  the  deflected  basement  could  be  as  small  as  1  to  2  at  Hawaii, 
whereas  it  is  greater  than  2  to  1  at  the  Marquesas.  Different  moat  volumes  for  same  amount 
of  sediment  explains  the  underfilled  moat  at  Hawaii  and  overfilled  moat  at  the  Marquesas. 
For  the  same  given  volume  of  infilling  sediment,  there  is  greater  moat  volume  at  Hawaii 
than  at  the  Marquesas,  which  is  caused  by  greater  edifice  loads  and  also  possibly 
differences  in  underplating  between  the  two  island  chains. 

The  difference  in  the  elastic  plate  thickness  at  the  Marquesas  (Te  about  17  km)  and 
Hawaii  (Te  25  to  30  km)  is  not  an  important  influence  on  moat  volumes.  Isostasy  requires 
that  the  integrated  plate  flexure  is  equal  to  the  sum  of  loads  above  the  plate,  weighted 
inversely  by  the  density  contrast  between  displaced  and  infilling  material  (this  relation 
applies  to  flexure  induced  by  loading  from  below  as  well).  For  a  given  volcanic  load,  the 
total  volume  of  the  flexural  basin,  which  is  filled  with  both  sediment  and  the  volcano  root, 
is  thus  similar  regardless  of  Te.  However,  the  space  available  for  sediment  fill  increases 
for  suffer  plates,  since  deflections  decrease  beneath  the  volcanic  load,  reducing  the 
proportionate  volume  of  the  root.  The  effect  should  be  minor  for  the  elastic  plate 
thicknesses  and  size  of  volcanoes  observed  at  the  Marquesas  and  Hawaii  (Figure  15a). 

The  moat  volume  will  more  directly  reflect  the  loads  on  the  plate  (Figure  15b). 

The  large  ratio  of  sediment  volume  to  that  of  the  volcanoes  at  the  Marquesas  has 
previously  been  observed  [Menard,  1956;  Filmeretal.,  1994],  although  former  estimates 
were  not  well  constrained.  Because  the  apron  volume  is  greater  than  the  volume  of 
volcanoes,  Menard  [1956]  suggested  that  much  of  the  Marquesas  moat  is  filled  by 
submarine  fissure  flows  rather  than  from  erosion  of  the  islands.  While  submarine  flows 
may  contribute  to  moat  filling,  the  MCS  data  and  flexural  models  (Figure  5)  indicate  that 
this  contribution  is  minor  and  most  of  the  apron  is  sediment  from  island  mass  wasting. 

Thus  active  Marquesas  volcanoes  must  frequently  build  up  and  mass  waste,  producing 
about  twice  their  volume  in  debris. 

One  analogue  for  this  process  may  come  from  recent  study  of  the  eruption  history  at 
Mount  Augustine,  a  calk-alkaline  volcano  in  the  eastern  Aleutian  arc  of  Alaska  [Beget  and 
Kienle,  1992].  The  summit  has  repeatedly  collapsed  and  regenerated  at  least  1 1  times  over 
the  past  2,0(X)  years.  Dome  growth  since  the  last  major  debris  avalanche  in  1883  has 
buried  the  amphitheater  crater  and  created  an  oversteepened  dome.  Although  the 
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Marquesas  volcanoes  are  tholeiitic  to  alkaline  and  eruption  rates  are  10-100  times  larger, 
continued  collapse  and  build  up  of  summits  is  not  unreasonable.  Present-day  subaerial 
structures  prove  that  caldera  collapse  and  catastrophic  mass-wasting  were  important  in  the 
mid-to-late  stages  of  volcanic  activity  [c.f.,  Chubb,  1930;  Brousse  etal.,  1978;  Brousse  et 
al.,  1990].  Slope  failures  may  have  occurred  at  earlier  stages  as  well,  with  volcanism 
burying  the  evidence.  Moore  et  al.  [1989],  using  similar  reasoning,  argue  that  while  some 
of  the  largest  Hawaiian  landslides  occur  near  the  end  of  shield  building,  mass-wasting 
probably  occurs  throughout  the  shield-building  stage.  At  Loihi,  the  youngest  volcano  with 
a  summit  1  km  below  sea  level,  more  than  half  of  the  surface  area  has  already  been 
modified  by  landsliding. 

Our  estimates  of  sediment/edifice  ratios  imply  that  island  formation  at  the  Marquesas  is 
different  than  at  Hawaii.  Most  island  chains  exhibit  an  archipelagic  apron  rather  than  an 
underfilled  moat  and  arch  [Menard,  1956];  the  low  proportion  of  mass- wasting  at  Hawaii 
appears  anomalous.  This  low  proportion  is  likely  related  to  the  larger  eruption  rates  and 
different  style  of  volcano  constmction.  As  pointed  out  by  Walker  [1973],  lava  flow  length 
depends  on  effusive  rate,  with  high  effusion  rates  having  lower  slopes.  This  argument 
predicts  steeper  volcano  slopes,  which  are  more  prone  to  mass  waste,  at  the  Marquesas 
than  at  Hawaii.  The  more  2-dimensional  nature  of  the  Hawaiian  ridge  also  implies  that 
slop)es  are  lower  between  islands  than  across  the  chain.  During  construction,  many 
volcanoes  were  buttressed  by  earlier-formed  edifices  [Fiske  and  Jackson,  1972]. 

Well-developed  rift  zones  are  found  at  the  Hawaiian  Islands  but  are  not  apparent  at  the 
major  Marquesas  islands  and  are  rarely  found  at  other  islands  (rift  zones  are,  however, 
found  at  many  seamounts  [Vogt  and  Smoot,  1984]).  Rift  zones  at  Hawaii  facilitate  the 
growth  of  broad  volcanoes:  magma  from  the  summit  moves  laterally  through  rift  zones  and 
intrusion  into  rift  zones  may  account  for  a  significant  fraction  of  the  total  volume  of 
Hawaiian  volcanoes  [c.f.,  Fiske  and  Jackson,  1972;  Dietrich,  1988].  Rift  zones  form 
along  the  tensional  zones  at  the  head  of  landslides,  but  also  magma  injection  into  rift  zones 
induces  landsliding  [Moore  et  al,  1989].  Slip  on  faults,  possibly  deep  faults  at  the 
preexisting  seafloor/edifice  boundary,  could  permit  the  flanks  of  Hawaiian  volcanoes  to 
spread  and  accommodate  growth  by  injection  of  magma  into  rifts  [e.g.,  Fiske  and  Jackson, 
1972;  Swanson  etal.,  1976;  Dietrich,  1988].  This  mechanism  of  volcano  growth  may  be 
more  efficient  in  terms  of  the  proportion  of  mass-wasting.  At  the  Marquesas,  repeated 
buildup  and  mass  wasting  of  oversteepened  slopes  around  local  volcanic  centers  could 
occur  because  rift  zones,  which  allow  lateral  magma  transport  and  construction  of  a  broad 
volcano,  are  absent. 
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While  much  of  the  sediment  in  the  Marquesas  and  Hawaiian  moats  is  derived  from 
island  mass  wasting,  our  models  suggest  that  diffusivities  differ  by  an  order  of  magnitude. 
The  lower  diffusivity  at  the  Marquesas  may  reflect  the  larger  proportion  of  “blocky”, 
massive  material  in  the  central  Marquesas  moat:  the  unit  of  discontinuous  reflectors  seen  in 
the  central  Marquesas  moat  has  not  been  documented  at  Hawaii.  The  primary  modes  of 
slope  failure  may  be  influential  as  well.  At  Hawaii,  there  are  two  types:  slumps,  which  are 
broad  and  steep,  and  result  from  slow,  creep-like  movement;  and  debris  avalanches,  which 
are  narrow,  far-reaching  landslides  showing  well-developed  amphitheaters  in  their  upper 
parts  and  representing  a  single  episode  of  rapid  movement  [e.g.,  Moore  et  al.,  1989].  The 
apparent  difference  in  diffusivities  may  reflect  a  change  in  the  dominant  processes  of 
sediment  transport  rather  than  in  sediment  properties.  Side-scan  sonor  data  suggest  fast- 
moving  debris  avalanches  at  the  Hawaiian  Islands  travel  up  the  flank  of  the  flexural  arch 
[Moore  et  al.,  1989]  and  the  landslide  unit  observed  by  Rees  et  al.  [1993]  also  extends 
upslope  onto  the  arch,  which  may  explain  the  high-diffusivity  required  to  model  Hawaiian 
stratigraphy  (since  diffusion  transports  material  downslope,  it  is,  however,  not  the  best 
proxy  for  this  process).  In  constrast,  at  the  Marquesas  sediments  mound  up,  perhaps 
because  slumping  rather  than  debris  avalanches  are  more  common  and  the  flow  more 
closely  approximates  diffusion-like  creep.  The  high  diffusivities  required  to  successfully 
predict  seismic  stratigraphy  at  these  two  island  chains  are  of  the  same  magnitude  as 
diffusivities  found  by  Kenyon  and  Turcotte  [1985]  (ranging  from  2.4x10*9  to  5.6x10** 
m^/m.y.)  in  three  prograding  deltas,  where  subaqueous  sediment  transport  also  occurs  by 
creep  and  landsliding. 

It  would  be  interesting  in  the  future  to  examine  how  the  processes  that  influence  moat 
stratigraphy  at  the  Marquesas  and  Hawaii,  such  as  crustal  underplating,  the  interplay 
between  volcano  growth  and  mass-wasting,  and  sediment  diffusion,  operate  at  other 
oceanic  islands.  Rees  etal.  [1993]  argue  that  large-scale  mass  wasting  is  likely  important 
in  the  history  of  many  oceanic  volcanoes.  At  the  island  of  Reunion,  for  example,  Seabeam 
data  has  been  used  to  confirm  previous  suggestions  of  landsliding  at  the  Grand  Brule 
trough  on  the  east  flank  of  Piton  de  la  Foumaise  [Lenat  et  al.,  1989].  Like  the  Marquesas 
Islands,  Piton  de  la  Foumaise  shows  a  series  of  concentric  half-calderas  that  open  towards 
the  sea.  The  Grand  Brflle  slide  extends  outward  from  the  break  in  the  summit  caldera. 

Conclusion 


The  seismic  velocities  and  seismic  stratigraphy,  as  well  as  the  general  structure  of  the 
islands  and  surrounding  seafloor,  indicate  that  the  Marquesas  apron  is  overfilled  with 
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debris  from  island  mass  wasting.  The  apron  contains  two  major  regions  of  differing 
stratigraphy:  (1 )  at  the  moat  edges,  where  a  unit  of  continuous  layered  reflectors  is  present 
containing  minor  lenses  of  chaotic  diffractors  and  (2)  at  the  deep  moat  basins,  where  there 
is  an  acoustically  opaque  unit  of  discontinuous  reflectors  of  up  to  2  km  thickness,  in  places 
capped  by  a  ponded  unit.  Reflectors  of  the  outermost  moat  generally  onlap  the  flexural 
arch  in  the  lower  section  and  offlap  and  overfill  it  in  the  upper  section.  In  the  central  moat, 
reflectors  change  shape  from  concave  up  in  the  lower  section  to  convex  in  the  upper 
section. 

Plate-flexure  models  require  broad,  low-density  (relative  to  mantle)  undeiplating 
beneath  the  Marquesas  Islands  to  explain  the  depth  to  volcanic  basement,  such  that 
basement  deflections  are  everywhere  less  than  the  prediction  of  simple  top-loading  models. 
Although  we  cannot  uniquely  resolve  the  density  structure,  underplating  by  high-density 
crustal  material  (3100  kg/m^)  is  consistent  with  high  seismic  velocities  of  material  observed 
beneath  the  Marquesas  and  at  Hawaii.  The  maximum  thickness  of  such  material  predicted 
by  our  models  is  consistent  with  preliminary  seismic  results  at  the  Marquesas. 

Three-dimensional  time-dependent  diffusion  models  of  sedimentation  suggest  that  three 
main  factors  make  stratigraphy  at  the  Marquesas  differ  from  Hawaii:  (1)  the  Marquesas 
moat  is  overfilled,  while  the  Hawaiian  moat  is  underfilled,  (2)  sediment  diffusivities  may 
be  lower  at  the  Marquesas,  and  (3)  the  Marquesas  islands  are  separated  by  deep 
sedimentary  basins,  in  contrast  to  at  Hawaii,  where  islands  are  separated  by  a  shallow 
ridge.  Simple  diffusion  and  flexure  models  (uniform  Te)  can  produce  complex 
stratigraphies  without  requiring  viscoelastic  relaxation  of  the  lithosphere.  The  lower 
diffusivity  at  the  Marquesas  may  reflect  the  larger  proportion  of  “blocky”,  massive  material 
in  the  central  Marquesas  moat  or  alternatively  a  change  in  the  dominant  process  of  sediment 
transport. 

While  there  is  similar  sediment  supply  at  both  the  Marquesas  and  Hawaii,  the 
underfilled  moat  at  Hawaii  is  apparently  a  consequence  of  greater  moat  volumes  due  to  the 
greater  edifice  volumes,  and  possibly  differences  in  crustal  underplating,  that  load  the  plate. 
The  variation  in  elastic  plate  thickness  between  the  two  chains  is  not  an  important  influence 
on  moat  volumes.  The  difference  in  sediment/edifice  ratios  is  likely  related  to  the  larger 
eruption  rates  at  Hawaii  and  different  styles  of  volcano  construction  between  Hawaii  and 
the  Marquesas.  The  greater  sediment/edifice  ratio  at  the  Marquesas  is  probably  typical  of 
island  chains  having  an  archipelagic  apron.  Therefore,  estimates  of  hotspot  volcanism 
based  soley  on  the  size  of  volcanoes  will  severely  underestimate  the  amount  of  empted 
material. 
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Figure  Captions 

Figure  1.  Bathymetry  at  the  Marquesas  Islands;  500  m  contour  interval,  Mercator 
projection.  Locations  of  MCS  lines  1 153,  1 162,  and  1 155  are  shown.  Subaerial 
regions  shaded  black  and  islands  are  identified  by  name.  The  crescent  shapes  of 
individual  islands  is  the  result  of  catastrophic  mass  wasting,  which  leaves  a  crescent¬ 
shaped  caldera  and  a  well-developed  amphitheater  that  borders  the  sea.  Bathymetry  data 
is  from  French  bathymetric  charts  and  selected  DBDB5  data,  and  was  gridded  and 
merged  with  profiles  from  EW9103.  See  Filmer  et  al.  [1993a]  for  further  information. 

Figure  2  .  Line  drawings  of  seismic  stratigraphy  in  time  section.  Sonobuoy  locations 
along  line  1 162  given  in  italics.  Horizontal  bars  show  locations  of  Figures  6  through  9. 
The  moat  contains  two  major  regions  of  different  stratigraphy;  (1)  at  the  moat  edges, 
where  a  unit  of  continuous  layered  reflectors  is  present  (2)  at  the  central  moat,  where 
there  is  a  unit  of  discontinuous  reflectors.  At  the  edge  of  regions  of  steep  volcanic 
topography,  there  is  evidence  of  slumping  in  the  uppermost  section  (lines  1 153  and 
1 162).  Reflector  having  hummocky  topography,  a  characteristic  feature  of  the  seafloor 
at  landslides,  is  noted  on  line  1 162.  Landslide  ridges  are  present  along  line  1 162  and 
line  1 153.  Across-moat  transport  of  sediment  is  evident  at  the  western  side  of  line  1 155, 
where  material  traveling  outwards  from  the  central  moat  region  has  dammed  at  a  local 
high.  Outside  the  moat,  there  is  a  thin,  well-bedded  sedimentary  unit  that  partially  fills 
the  lows  between  the  abyssal  hills. 

Figure  3.  Sonobuoy  velocities  across  line  1 162.  For  reference,  dashed  line  shows  the 
predicted  basement  deflection  plotted  in  Figure  5.  Dotted  vertical  lines  show  locations  of 
sonobuoys.  The  flexure  of  the  oceanic  lithosphere  from  island  loading  is  apparent  in  the 
changing  depth  to  volcanic  basement  and  depth  to  Moho,  although  Moho  reflections 
were  only  observed  away  from  the  central  island  region.  Outside  the  moat,  a  unit  of 
thin,  low  velocity  (~2.5  km/s)  sediment  is  present.  Within  the  moat,  sediments  thicken 
and  velocities  increase  to  >  4.0  km/s,  as  indicated  by  both  refraction  data  (see  Figure  4) 
and  independent  semblance  analysis  of  MCS  data. 

Figure  4.  Data  for  sonobuoy  22,  in  the  central  moat  region  of  line  1 162.  Thick  black  lines 
show  travel  times  calculated  from  the  velocity  depth  solution  in  Figure  3. 

Figure  5.  Line  drawings  of  seismic  stratigraphy  in  depth  section.  Sloping  arrows  show 
the  pattern  of  onlap  and  offlap.  Vertical  arrows  point  to  the  change  in  central  moat 
reflectors  from  concave  up  to  convex  on  Line  1 162.  On  line  1162,  in  the  center  of  the 
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Marquesas  island  chain,  reflectors  onlap  the  arch  in  the  lower  section  and  offlap  and 
overfill  the  moat  in  the  upper  section.  The  reflectors  along  line  1 153  and  the  eastern  side 
of  1 155  also  suggest  this  pattern  of  onlap  and  offlap,  although  reflectors  are  laterally 
discontinuous  and  difficult  to  interpret  The  central  moat  is  overfilled,  with  seafloor 
bathymetry  indicating  the  changing  thickness  of  the  sedimentary  section  rather  than  the 
position  of  the  flexed  basement  beneath.  Dotted  line  is  basement  deflection  for  top¬ 
loading  model,  solid  line  is  deflection  for  crustal  underplating  model,  both  using 
uncorrected  bathymetry.  Basement  deflection  is  consistently  overpredicted  by  the  top¬ 
loading  model,  but  is  well  predicted  by  a  model  including  bottom-loading  from  crustal 
underplating.  See  text  for  further  details. 

Figure  6.  The  transition  from  moat  sediments  to  abyssal  hill  sediments  on  line  1 162.  (a) 
MCS  data,  (b)  Line  drawing.  Diffractive  basement  is  evident  near  6  s. 

Figure?,  (a)  Seismic  section  from  line  1155.  (b)  Line  drawing. 

Figure  8.  (a)  MCS  section  along  line  1162,  in  the  Marquesas  Islands  moat.  A  hummocky 
reflector  near  4.8  s  marks  the  boundary  between  a  ponded  unit  of  continuous  reflectors 
above  and  a  unit  of  discontinuous  reflectors  below.  Diffractions  at  the  basal  layer,  near 
6.0  s  and  CDP  16300,  are  bowties  from  synclines,  (b)  Migrated  section,  using  the 
sonobuoy  23  velocity  model.  Migration  collapses  diffractions  throughout  the  section 
and  revels  only  a  slightly  more  continuous  pattern  of  reflectors,  (c)  Line  drawing. 
Vertical  arrows  point  to  change  in  reflectors  from  concave  up  to  convex  (see  also  Figure 
5). 

Figure  9.  Interisland  sediments  at  line  1155.  (a)  MCS  data,  (b)  Line  drawing.  The  deep 
reflectors  are  more  discontinuous  and  difficult  to  trace  laterally  than  on  line  1 162.  This 
sediment  unit  is  acoustically  opaque  and  entirely  "chaotic". 

Figure  10.  Sketch  of  the  double  loading  scenario.  Volcano  depresses  the  plate,  while 
underplating  material  buoys  it  up.  Tg  is  the  elastic  plate  thickness;  pg,  pm.  Pu.  ^nd  pw 
are  the  densities  of  crust  and  sediment  infill,  mantle,  underplating  material,  and  water, 
respectively. 

Figure  11.  Observed  gravity  anomaly  (solid  line)  and  calculated  gravity  anomaly  (dashed 
line)  from  flexural  model  including  crustal  underplating  by  3100  kg/m^  material. 

Figure  12.  (a)  Basement  deflection  at  the  Marquesas  from  flexural  model  including  crustal 
underplating  by  3 100  kg/m^  material;  500-m  contour  interval,  Mercator  projection,  (b) 
Underplating  thickness  from  flexural  model  including  crustal  underplating  by  3100 
kg/m3  material;  1000-m  contour  interval,  Mercator  projection. 

Figure  13.  Loading  geometries  for  sediment  diffusion  models.  A  Marquesas-type  model 
is  created  by  placing  a  circular  load  of  50  km  radius  and  4.5  km  height  on  a  20-km 


50 


elastic  plate  every  1.5  m.y..  Lx)ads  are  centered  160  km  apart,  deflections  are  calculated 
assuming  the  moat  is  filled  to  the  level  of  the  surrounding,  flat  seafloor,  and  load  density 
is  reduced  to  2300  kg/m^  to  simulate  the  effect  of  underplating.  The  effect  of  island 
mass-wasting  is  included  by  placing  sediment  sources,  f’(x,t),  within  a  10-km  thick  ring 
around  the  base  of  a  circular  load.  A  Hawaiian-type  model  is  created  by  changing  the 
spacing  to  80  km,  loading  the  plate  every  0.75  m.y.,  and  using  a  normal  crustal  density. 
Sediment  fluxes  around  each  load  are  high  only  for  a  period  of  about  1.5  m.y.  after 
emplacement. 

Figure  14.  (a)  Across-moat  stratigraphy  from  a  Marquesas-type  model,  taken  near  the 
center  of  the  chain.  Sloping  arrows  point  to  the  pattern  of  onlap  and  offlap.  Vertical 
arrows  point  to  the  change  in  central  moat  reflectors  from  concave  up  to  concave  down, 
(b)  Across-moat  stratigraphy  from  a  Hawaiian-type  model,  taken  near  the  center  of  the 
chain. 

Figure  15.  (a)  Volume  of  volcano  root,  sediment,  and  total  fill  (sediment  +  root)  within  a 
flexural  basin  induced  by  a  cylindrical  island  load  (50  km  radius,  4.5  km  height)  for 
varying  elastic  plate  thickness,  (b)  Volume  of  volcano  root,  sediment,  and  total  fill 
within  a  flexural  basin  induced  by  a  cylindrical  island  loads  of  varying  volume.  The 
cylinder  radius  ranges  from  10  to  50  km  and  height  is  fixed  (4.5  km). 


sonobuoy  40  39  37  36  35  4323  22  20 


seafloor 


-CDP  5000 


10000 


15000 


20000 


25000 


1  7500 


^500 


17000 


16000 


16500 

CDP 


62 


Model  Basement  Depth 


21 6‘  218’  220'  222"  224" 


Underplating  Thickness  (3100  kg/m^  Material) 


222’  224" 


216" 


218' 


220' 


TxAore- 


Depth  (km) 


60' 


m 


0 


7L 


I  1 

800  900 

Distance  (km) 


Hawaiian  Model 


moat  sediment 


volcano  root 


66 


67 


Chapter  3 


Oceanic  Transform  Earthquakes  with  Unusual  Mechanisms  or 
LOCATIONS:  Relation  to  Fault  Geometry  and  State  of  Stress 
IN  THE  Adjacent  Lithosphere 


69 


JOURNAL  OF  GEOPHYSICAL  RESEARCH,  VOL.  98.  NO.  B9,  PAGES  16,187-16.211.  SEPTEMBER  10,  1993 


Oceanic  Transform  Earthquakes  With  Unusual  Mechanisms  or  Locations: 
Relation  to  Fault  Geometry  and  State  of  Stress  in  the  Adjacent  Lithosphere 

Cecily  J.  Wolfe,  Eric  a.  Bergman,  ‘  and  Sean  C.  Solomon^ 
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On  oceanic  transfonns.  most  earthquakes  arc  expected  to  occur  on  the  principal  transform  displacement  zone 
(PTDZ)  and  to  have  strike-slip  mechanisms  consistent  with  transform-parallel  motion.  We  conducted  a  search 
for  transform  earthquakes  departing  from  this  panem  on  the  basis  of  source  nnechanisms  and  locations  taken 
from  the  Harvard  centroid  moment  tensor  catalogue  and  the  bulletin  of  the  International  Seismological  Centre, 
respectively.  Events  with  unusual  mechanisms  occur  on  several  transforms.  We  have  determined  the  source 
mechanisms  and  centroid  depths  of  10  such  earthquakes  on  the  St.  Paul’s,  Marathon.  Owen,  Heczen,  Tharp, 
Menard,  and  Rivera  transforms  from  inversions  of  long-period  body  waveforms.  Relative  locations  of 
earthquakes  along  these  transfonns  have  been  determined  with  a  multiple-event  relocation  technique.  Much  of 
the  anomalous  earthquake  activity  on  oceanic  transforms  is  associated  with  complexities  in  the  geometry  of  the 
PTDZ  or  the  presence  of  large  structural  features  that  may  influence  slip  on  the  fault.  Reverse- faulting 
earthquakes  occur  at  a  compressional  bend  in  the  Owen  transform  in  the  area  of  Mount  Error  and  at  the  St. 
Paul's  transform  near  St.  Peter’s  and  St.  Paul's  Rocks.  A  normal- faulting  earthquake  on  the  Heczen  transfonn 
is  located  at  the  edge  of  a  pull-apart  basin  marking  an  extensional  offset  of  the  fault.  Normal -faulting 
earthquakes  along  the  Tharp.  Menard,  and  Rivera  transforms  may  also  be  related  to  extensional  offsets.  Some 
events  with  unusual  mechanisms  occur  outside  of  the  transform  fault  zone,  however,  and  do  not  appear  to  be 
related  to  fault  zone  geometry.  For  instance,  earthquakes  with  mechanisms  indicating  reverse-faulting  on  ridge- 
parallel  fault  planes  arc  located  near  the  ridge-transform  intersections  of  the  St.  Paul’s  and  the  Marathon 
transforms.  Possible  additional  contributors  to  the  occurrence  of  anomalous  earthquakes  include  recent  changes 
in  plate  motion,  differential  lithospheric  cooling,  and  the  development  of  a  zone  of  weakness  along  the  fault 
zone,  but  we  do  not  find  strong  evidence  to  confirm  the  influence  of  these  processes. 


INTRODUCTION 

Since  Sykes's  [1967]  study  of  earthquakes  on  mid-ocean  ridges 
confirmed  the  transform  fault  hypothesis  [Wilson,  1965],  the 
mechanisms  of  most  earthquakes  along  oceanic  transforms  have 
been  generally  well-explained  by  a  simple  model.  Such 
earthquakes  are  expected  to  have  strike-slip  mechanisms  consistent 
with  transform  motion,  to  have  vertical  or  nearly  vertical  fault 
planes,  and  to  occur  on  the  principal  transform  displacement  zone 
(PTDZ).  A  corollary  of  this  standard  model,  from  the  classical 
theory  of  faulting  [Anderson,  1951],  is  that  the  direction  of  the 
most  compressive  principal  stress  Oi  is  horizontal  and  makes  an 
angle  of  about  30°  (on  the  basis  of  laboratory-derived  coefficients 
of  friction  [Byerlee,  1978])  to  the  strike  of  the  fault .  Two  current 
lines  of  research,  however,  suggest  that  this  model  bears  closer 
scrutiny.  First,  studies  of  earthquake  characteristics  and  fault 
mechanics  along  oceanic  [Prothero  and  Reid,  1982;  Trehu  and 
Solomon,  1983;  Bergman  and  Solomon,  1988]  and  continental 
transforms  [e,g.,  Segall  and  Pollard,  1980;  King  and  Nabelek. 
1985;  Sibson,  1985,  1986;  Nabelek  et  al,  1987;  Barka  and 
Kadinsky^Cade,  1988;  Saucier  et  al,  1992]  have  shown  that  bends 
or  offsets  in  the  fault  can  strongly  affect  the  state  of  stress  and 
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pattern  of  earthquake  faulting  near  such  features.  Second,  there  is 
increasing  evidence  that  at  least  some  oceanic  and  continental 
transforms  act  as  weak  zones  relative  to  the  adjacent  lithosphere 
and  that  the  stress  state  near  the  fault  departs  from  classical  theory 
[Zoback  et  ai,  1987;  Mount  and  Suppe,  1987;  Wilcock  et  ai, 
1 990].  In  this  paper,  we  present  new  information  from  a  study  of 
oceanic  transform  earthquakes  with  unusual  mechanisms  or 
locations  confirming  that  a  vertical  strike-slip  fault  along  the  PTDZ 
is  not  always  an  adequate  model  for  transform  geometry  and  slip. 

Recent  studies  of  individual  oceanic  transforms  with  high- 
resolution  bathymetric  mapping,  side-scan  sonar  imaging,  and 
observations  from  submersibles  have  revealed  complex  fault 
geometries  and  structures  within  the  transform  domain  [Fox  and 
Gallo,  1984.  1986].  Extensional  or  compressional  jogs  (bends  or 
offsets)  in  the  PTDZ  have  been  documented  along  several 
transforms  [e.g.,  Macdonald  et  ai,  1979,  1986;  Lonsdale,  1986; 
Gallo  et  ai,  1986;  Fornari  et  ai,  1989].  Microearthquake 
experiments  conducted  with  ocean  bottom  seismometers  have 
indicated  patterns  of  seismicity  and  fault  plane  solutions  consistent 
with  the  presence  of  extensional  relay  zones  along  the  Rivera 
[Prothero  and  Reid,  1982]  and  Orozco  [Trihu  and  Solomon,  1983] 
transforms.  Large  earthquakes  occurring  near  compressional  fault 
jogs  on  the  Kane  and  Vema  transforms  in  the  Atlantic  have  been 
shown  to  consist  of  primary  strike-slip  events  and  secondary 
events  with  reverse  faulting  mechanisms  [Bergman  and  Solomon, 
1988].  Engeln  et  ai  [1986]  also  noted  eight  Atlantic  transform 
earthquakes  with  apparently  shallowly  dipping  fault  planes  or  a 
dip-slip  component  of  displacement,  but  independent  body 
waveform  inversions  have  shown  that  two  of  these  events  arc 
normal-faulting  earthquakes  occurring  on  the  nearby  ridge  segment 
and  one  is  a  strike-slip  earthquake  on  a  steeply  dipping  plane  with  a 
smaller  reverse-faulting  precursor  [Huang  et  ai,  1986;  Bergman 
and  Solomon,  1988]. 
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Siudics  of  continental  strike-slip  faults  have  illustrated  the 
imporuncc  of  fault  geometry  on  the  pattern  of  faulting.  Jogs  in 
strike-slip  faults  are  known  to  produce  uplift  or  subsidence  along 
the  fault,  depending  of  whether  the  sense  of  the  jog  is 
comprcssional  or  extensiona!  [Sylvester,  1988;  Bilham  emd  King, 
1989;  Anderson,  1990].  Earthquake  rupture  can  be  stopped  by 
both  comprcssional  and  cxtcnsional  jogs  [Segall  and  Pollard,  1980; 
King  and  Nabelek,  1985;  Sibson,  1985.  1986].  Numerical  models 
of  strike-slip  faults  that  are  offset  or  contain  bends  show  that  such 
geometry  can  considerably  alter  the  state  of  stress  [Segall  and 
Pollard,  1980;  Saucier  et  ai,  1992].  For  instance,  the  thrust 
faulting  component  to  the  mechanism  of  the  Loma  Prieta 
earthquake  has  been  attributed  to  the  event’s  locMion  at  a  local  bend 
in  the  San  Andreas  fault  in  the  Santa  Cruz  Mountains  [McNally  ei 
ai,  1989].  In  the  North  China  Basin  [Nabelek  et  ai,  1987]  and 
along  strike-slip  faults  in  Turkey  [Barka  and  Kadinsky-Cade, 
1988]  earthquake  mechanisms  and  locations  in  conjunction  with 
geologic  information  indicate  normal  faulting  at  exiensional  jogs 
and  reverse  faulting  at  comprcssional  jogs. 

The  orientation  of  stresses  in  central  California,  as  infwred  from 
borehole  breakout  data,  off-fault  focal  mechanisms,  and  the  trends 
of  active  reverse  faults  and  thrust-related  anticlines  along  the  fault 
system,  indicate  that  Oj  is  nearly  perpendicular  to  the  San  Andreas 
fault  within  only  a  few  kilometers  of  the  fault  zone  [Zoback  et  ai, 
1987;  Mount  and  Suppe,  1987;  Jones,  1988].  Such  an  orientation 
differs  from  that  of  the  stress  field  farther  (-100  km)  from  the  fault. 
The  lack  of  a  heat  flow  anomaly  across  the  San  Andreas  fault 
requires  that  shear  stresses  acting  on  the  fault  plane  be  low,  less 
than  about  20  MPa  [Brune  et  ai,  1969;  Lachenbruch  and  Sass, 
1980].  These  results,  and  a  small  predicted  comj>onent  of 
convergence  between  the  Pacific  and  North  American  plates,  have 
led  to  the  suggestion  that  plate  motion  along  the  San  Andreas  is 
decoupled  by  a  weak  fault  zone  into  a  low-stress,  strike-slip 
component  along  the  fault  and  a  high-stress,  compressional 
component  off  the  fault  [Zoback  et  ai,  1987;  Mount  and  Suppe, 
1987]. 

The  orthogonality  of  ridge-transform  plate  boundaries  suggests 
that  oceanic  transforms  are  also  comparatively  weak.  A 
perpendicular  ridge-transform-ridge  configuration  minimizes  the 
energy  dissipated  along  the  plate  boundary  if  the  transform  is  a 
zone  of  weakness,  i.e,.  if  stresses  resisting  plate  separation  along 
the  ridge  axis  are  larger  than  the  shear  stresses  along  the  transform 
[Lachenbruch  and  Thompson,  1972;  Froidevaux,  1973;  Stein, 
1978].  Curvature  of  the  ridge  axis  ncovolcanic  zone  toward  the 
transform  fault  as  the  ridge-transform  inters^ion  is  approached  is 
also  consistent  with  ridge  axis  stresses  being  several  times  larger 
than  shear  stresses  on  the  transform  [Phipps  Morgan  and 
Parmentier,  1984].  Fracture  zone  bathymetry  and  magnetic 
anomalies  indicate  that  oceanic  transforms  arc  zones  of  weakness 
that  adjust  to  changes  in  plate  motion  and  can  deformed  by 
compression  or  extension  [Menard  and  Atwater,  1968].  In  a 
microearthquake  experiment  along  the  active  ir^sform  portion  of 
the  Fracture  Zone.  Wilcock  et  ai  [1990]  observed  that  while 
the  PTDZ  was  inaaivc  during  the  experiment,  seismic  activity  near 
the  base  of  the  southern  transform  valley  wall  was  characterized  by 
normal  faulting,  with  the  axis  of  least  compressive  stress  03 
oriented  perpendicular  to  the  transform.  Such  a  stress  slate  is 
consistent  with  the  hypothesis  that  the  transform  acts  as  a  zone  of 
weakness. 

To  investigate  further  the  nature  of  shear  stress  and  deformation 
in  the  vicinity  of  oceanic  transform  faults,  we  have  conducted  a 


global  search  of  large  (body  wave  magnitude  4.5) 

earthquakes  on  and  near  oceanic  transforms  for  those  events  with 
unusual  source  mechanisms  and  locations.  From  an  initial 
examination  of  the  Harvard  catalogue  of  centroid  moment  tensor 
(CMT)  solutions  [Dziewonski  et  ai,  1981],  we  identified 
transform  earthquakes  with  mechanisms  differing  from  the 
expected  model  of  strike-slip  motion  on  a  vertical  fault.  We  limit 
the  present  study  to  seven  transforms  on  which  we  found 
anomalous  earthquakes  suitable  for  further  study  using  an 
inversion  of  long-period  body  waveforms  [Nabelek,  1984].  To 
provide  better  constraints  on  the  pattern  of  seismicity  and  its 
relation  to  fault  geonwtry,  we  relocated  earthquakes  along  these 
transforms  with  a  multiple-event  relocation  technique  [Jordan  and 
Sverdrup,  1981].  We  consider  the  implications  of  these  results  for 
the  standard  fault  model  for  transform  slip,  for  the  importance  of 
geometrical  irregularities  in  the  fault  tr^cc,  and  for  the  state  of  stress 
near  and  along  transforms. 

A  Search  for  Events  With  Anomalous  Mechanisms 

The  search  of  the  Harvard  CMT  catalogue  for  1977-1989  for 
(Keanic  transform  events  with  mechanisms  differing  significantly 
from  the  prediction  of  the  standard  model  was  conducted  as 
follows.  Earthquake  epicenters  from  the  catalogue  of  the 
International  Seismological  Centre  (ISC)  for  1964-1989  served  to 
define  the  geometry  of  the  ridge-transform  system.  Transforms  are 
identified  by  the  trend  of  ISC  epicenters  and  strike-slip  mechanisms 
with  the  expected  sense  of  motion.  For  large-offset  transforms,  on 
which  there  is  a  significant  amount  of  earthquake  activity,  this 
means  of  identification  is  adequate.  Figure  1  shows  a  sample  map 
of  earthquake  epicenters  and  CMT  mechanisms  along  the  active 
portion  of  the  Eltanin  Fracture  Zone,  made  up  of  three  transforms 


Fig.  1.  Earthquake  epMcentcrs  (International  Seismological  Centre  (ISC)) 
and  cen  troid  moment  tenstH-  (CMT)  mechanisms  for  earthquakes  along  die 
Eltanin  fault  system  (m  the  Padfic-Ancarcuc  plate  boundary.  Epicenters  arc 
depicted  by  dots;  mechanisms  are  equal -area  projections  of  the  lower  focal 
hemisphere,  with  compressional  quadrats  shaded.  The  Eltanin  system  is 
made  up  of  the  Heezen  and  Th^  trMisfoims  and  a  transform  identified  as 
Fracfufc  Zone  VI  by  Moinar  et  a/.  [1975]. 


71 


WOLFE  ET  AL.:  UNUSUAL  OCEANIC  TRANSFORM  EARTHQUAKES  16.1 8V 


along  the  Pacific-Antarctic  plate  boundary;  several  anomalous 
normal-faulting  mechanisms  arc  evident  in  this  region.  We 
excluded  from  this  study  areas  where  the  ridge  approaches  a  trench 
or  a  continent  (c.g.,  the  Gulf  of  California  and  the  Gulf  of  Aden). 
There  is  possible  bias  in  the  search  procedure  in  that  earthquakes 
that  displayed  normal-faulting  mechanisms  and  occurred  near  the 
ridge-transform  intersection  with  one  or  both  nodal  planes  oriented 
parallel  to  the  ridge  axis  were  assumed  to  be  related  to  the 
spreading  process. 

We  identified  15  large-offset  oceanic  transform  faults  where 
earthquakes  with  anomalous  mechanisms  occurred  during  the  13- 
year  study  interval  (we  include  the  Udintsev  transform  in  this  list, 
where  an  anomalous  strike-slip  earthquake  occurred  in  1 990).  The 
mechanisms  vary  from  reverse,  to  normal,  to  strike-slip  with  the 
wrong  sense  of  slip  for  transform  motion.  Only  10  of  these 
earthquakes  (occurring  on  seven  transforms)  arc  well-enough 
recorded  to  permit  body  waveform  inversion.  Table  I  lists  the 
source  parameters  derived  for  these  earthquakes.  The  CMT  source 
parameters  of  other  anomalous  transform  earthquakes  are  listed  in 
Table  2.  Figure  2  shows  the  location  of  the  seven  transforms  that 
wc  have  investigated  in  detail. 

Waveform  Inversion 

In  CMT  analysis  [Dziewonski  et  al..  1981;  Dziewonski  and 
Woodhouse,  1983],  long-period  digital  waveforms  are  inverted  for 


the  six  independent  components  of  the  moment  tensor,  as  well  as 
centroid  origin  lime  and  location.  The  inversion  includes  all 
seismic  phases  that  arrive  at  a  station  prior  to  the  arrival  of  Rayleigh 
or  Love  waves  (for  canhquakes  having  scalar  moment  Mq  greater 
than  about  1x1025  dyn  cm  long-period  mantle  waves  arc  included). 
Data  are  filtered  to  exclude  periods  less  than  45  s  and  do  not 
constrain  shallow  centroid  depths.  In  addition,  for  shallow 
earthquakes  the  components  of  the  moment  tensor  corresponding  to 
a  vertical  dip-slip  or  horizontal  thrust  mechanism  arc  the  least  well 
resolved. 

We  have  refined  the  mechanisms  and  centroid  depths  of  the 
anomalous  transform  earthquakes  using  an  inversion  of  long- 
period  teleseismic  P  and  SH  waveforms  [Nab^lek,  1984]  from 
stations  of  the  World-Wide  Standardized  Seismograph  Network 
(WWSSN).  Because  long-period  WWSSN  instruments  have  peak 
responses  at  15-s  period,  this  inversion  can  usually  constrain  the 
centroid  depth  and  the  vertical  dip-slip  or  horizontal  strike-slip 
component  of  shallow  earthquakes  [Nabflek^  1984].  (However. 
CMT  solutions  are  more  sensitive  to  data  at  longer  periods  and 
better  describe  the  seismic  moment.)  For  13  earthquakes,  there  is  a 
good  azimuthal  distribution  of  stations  with  clear  P  and  5  arrivals 
on  WWSSN  analogue  records.  WWSSN  records  were  digitized 
and  corrected  for  differences  in  magnification  and  epicentral 
distance  as  described  by  Bergman  et  al.  (1984].  Global  Digital 
Seismic  Network  (GDSN)  S  wave  data  were  included  when 
necessary  to  improve  SH  coverage.  In  a  few  cases,  additional  P 


TABLE  1 .  Epicentral  Data  and  Source  Parameters  From  Body  Waveform  Inversion 


Dale 

Origin 
Time,^'  UT 

Ladnide,^ 

•N 

Longimde. 

E 

a 

ni/i" 

Ms° 

Mo^ 

Mechanism^ 

Depth,'/ 

km 

STF.'’ 

s 

Carlsber^  Ridge:  Owen  Transform 

Sept.  29,  1983 

1803:59.8 

10.45 

56.91 

5.7 

5.0 

2.0x1 0« 

214/89/298 

11 

4 

Sept.  7.  1986 

I626:.56.5 

10.31 

56.81 

6.2 

6.1 

3.7x1025 

238/36/095 

4 

8 

Mid- Atlantic  Ridge:  St.  Paul's  Transform 

Oct.  11,  1973 

0207:51.8 

0.52 

-29.47 

5.9 

6.2x1025 

264/82/183 

12 

11 

Oct.  14.  1982 

1729:24.7 

0.99 

-29.07 

5.1 

5.2 

9.0x1 02-‘ 

86/66/172 

n 

5 

Oct.  12.  1985 

2220:42.8 

0.87 

-29.90 

5.4 

5.9 

4.2x1025 

76/72/174 

10 

17 

Sept.  20,  1986 

0131:14.2 

0.88 

-29.25 

5.4 

4.8 

1.8x102^ 

227/53/050 

14 

3 

Apr.  4.  1988 

0425:36.7 

0.97 

-30.27 

5.8 

5.4 

2.7x1 02-* 

189/52/107 

8 

3 

Dec.  23.  1988 

2149:09! 

0.77 

-29.41 

5.7 

5.5 

6.0x1 02** 

228/56/072 

9 

4 

Mid-Atlantic  Ridge:  Marathon  Transform 

Sept.  22.  1985 

1823:12.9 

12.52 

-44.31 

5.6 

5.5 

4.2x1024 

140/54/051 

4 

4 

Pacific-Antarctic  Ridge. 

:  Heezen  Transform 

Feb.  17.  1978 

0140:03.1 

-55.7! 

-125-24 

5.7 

5.2 

2:4x1024 

241/16/309 

11 

3 

Pacific- Antarctic  Ridge 

■a 

1 

1 

May  27.  1989 

0301:24.7 

-55.24 

-133.14 

5.5 

5.7 

1.5x1025 

275/59/287 

12 

7 

East  Pacific  Rise:  Menard  Transform 

May  15.  1987 

1349:14.6 

-49.91 

-115.3 

5.5 

4.7 

1.9x1024 

50/37/247 

9 

2 

East  Pacific  Rise:  Rivera  Transform 

Sept.  21,  1977 

1315:58.2 

19.97 

-109.26 

5.5 

4.9x1024 

353/35/291 

4 

6 

epicentral  data,  nib,  and  Ms  are  from  the  international  Seismologica!  Centre. 
^Seismic  moment  in  units  of  dyne  centimeters. 

^Suikc/dip/slip.  in  degrees,  using  the  convention  of  Ah  and  Richarda  [1980] 
‘^Depth  of  centroid  below  the  seafloor. 

^Duration  of  the  source  time  function  (STF). 
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wave  coverage  was  gained  by  using  broad- band  seismograms 
constnicti^  by  combining  long-period  and  short-period  GDSN  data 
in  the  frequency  domain  [Harvey  and  Choy,  1 982],  For  such  a 
construction  we  used  a  procedure  similar  to  that  of  Ekstrdm  [1989]; 
short-period  data  were  resampled  at  0.2  s  and  broad-band  data 
were  filtered  with  a  three-pole  band-pass  Butterworth  filter  with 
comer  frequencies  at  0.015  and  1.0  Hz. 

The  source  parameters  in  the  inversion  arc  centroid  depth, 
double-couple  mechanism,  seismic  moment,  and  the  source  time 
function  (STF).  The  number  of  elements  in  the  STF,  taken  as  a 
series  of  overlapping  triangles,  is  assigned  prior  to  inversion  and 
represents  an  additional  parameter  to  be  tested,  in  some  cases  the 
event  is  parameterized  as  two  point  sources  or  as  a  unilateral, 
horizontally  propagating  rupture  along  the  strike  of  one  of  the  nodal 
planes.  For  the  latter  situation  a  mpturc  velocity  of  3.5  km/s  is 
assumed.  Values  for  the  attenuation  parameter  t*  [Futterman, 
1962]  are  taken  to  be  1.0  s  for  long-period  P  waves  and  4.0  s  for 
long-period  S  waves. 

The  assumed  source  velocity  structure  has  an  effect  on  the 
inversion  results,  in  that  takeoff  angles  of  the  rays  and  delay  times 


of  depth  phases  depend  on  the  source  structure.  For  slow  slipping 
transforms,  we  adopted  the  velocity  structure  used  by  Berjman  and 
Solomon  [1988],  which  was  based  on  the  refraction  studies  of 
Bowen  and  White  [1986]  and  Louden  et  al.  [1986]  of  the  Verna 
transform  (Table  3).  For  fast  slipping  transforms,  data  on  the 
velocity  structure  arc  limited:  a  study  at  the  Orozco  transform 
[Tr^hu  and  Purdy,  1984]  found  anomalous  velocity  structure 
associated  with  rclia  ridge  features  and  imrmal  oceanic  crust  to  the 
south  of  the  transform.  A  model  for  normal  cx:eanic  crust  (Table  3) 
was  used  for  the  source  region  along  fast  slipping  transforms. 

Body  wave  nrodcling  has  proven  useful  in  determining  the 
centroid  depths  of  earthquakes  in  a  number  of  tectonic  settings,  but 
the  uncertainty  in  depths  determined  with  this  method  is  often 
difficult  to  csublish.  Discussions  of  the  errors  in  determining 
centroid  depths  arc  given  by  Nabelek  [1984],  Huang  et  al.  [1986], 
Stein  and  Wiens  [1986],  Goff  et  al.  [1987],  and  Bergman  and 
Solomon  [1988],  Factors  such  as  signal-to-noisc  (S/N)  ratio, 
station  distribution,  mechanism,  and  depth  of  faulting  can  all 
infli^icc  the  magnitude  of  uncatainiies. 

For  all  events,  we  conducted  a  scries  of  inversions  with  the 


TABLE  2.  Ef»o»Mial  Data  and  Centroid  Moment  Tensor  Source  ParMne^ers  of  AddidonaJ  Unusual  Transform  Earthquakes 


Origin  Tirne,'^ 
UT 

»  Latrtude.^ 

Longitude,^ 

Moh 

Mecharasm'^ 

S04«X* 

East  Pac^c  Rise: 

Gofar  Fracture  Zone 

Oct.  8.  1980 

2019:47.0 

-4.87 

-106,15 

4.55x1024 

28072/197 

Dziewemski  el  aJ.  [1988a] 

Pacific-Antarctic  Ridge:  Heezen  Transform 

Aug.  16.  1984 

1530:59.8 

-55.40 

-123.75 

1.57x1024 

257/63/268 

Dziewonski  etal.  [1 985] 

Pac^c-Amarctic  Ridge:  Tharp  Transform 

Oct.  10.  1982 

1744:45.2 

-54.73 

-130.54 

6.18x1023 

246/54/250 

Dziewonski  et  al.  (1988c] 

Pacific-Antarctic  Ridge:  Fracture  Zone  VI 

Sept.  17.  1982 

1108:31.7 

-54.55 

-136.86 

6.65x1023 

287/61/298 

Dziewonski  etal.  (1 983a] 

Pacific-Antarctic  Ridge:  Udmtsev  Transform 

Nov.  1.  1990 

0156:44.6 

-56.00 

-143.19 

8.04x1023 

264/90/180 

Dziewonski  etal.  [1991] 

Pmr^c-Antarctic  Ridge:  Unnamed  Trm^orm 

May  28.  1977 

1510:13.6 

-65,04 

175.71 

4.16x1024 

153/46/129 

Dziewonski  et  al.  [1987a] 

Southeast  Indian  Ridge:  Unnamed  Transform 

June  20.  1983 

2241:57.3 

-42.82 

83.57 

4.97x1023 

247/49/134 

Dziewonski  et  al.  [1 9836] 

Southeast  Indian  Ridge:  Unnamed  Transform 

May  5,  1988 

2335:34.7 

-49.82 

115.38 

4.03x1024 

1 12/69/130 

Dziewonski  etal.  [19896] 

Southwest  Indian  Ridge: 

■  Discovery  II  Transform 

Aug.  17,  1977 

1041:40.3 

-A0.95 

42.70 

8.00x1023 

145/58rt)70 

Dziewonski  etal.  [1 987a] 

Caristrerg  Ridge:  Owen  Trmsform 

Sept  29.  1986 

0710:37.7 

10.58 

57.05 

7.47x1023 

242/72/167 

Dziewonski  et  al.  [  1 9876] 

yuan  de  Fuca  Ridge 

Blanco  Transform 

Oct.  17.  1987 

0812:21.4 

43.30 

-126.65 

1.52x1024 

28/90/078 

Dziewonski  et  al  (1989a] 

Jan.  11.  1989 

1223:33.1 

44.60 

-129.69 

4.52x1023 

140/48/262 

Dziewonski  et  al.  [1990a] 

Mid-AtUmtic  Ridge: 

St.  Paul's  Transform 

Dee.  30.  1989 

2016:02.2 

1.00 

-30.15 

6.85x1023 

3O4W000 

Dziewonski  et  at  [  l^)c) 

^picemral  data,  aiKl  Ms  arc  from  the  intemationaJ  Scismological  Centre,  expect  that  data  for  the  earthquake  of  November  I , 
1 990.  are  from  the  Nahonal  Eardtquake  Infonr^tion  Center’s  PreUminairy  Determiratton  of  Epicenters. 

^^ismic  moment  in  imits  of  dyne  cenfrmciefs. 

^Strike/dip/siip,  in  degrees,  t^ing  conversion  o(Aki  and  Richards  [1980]. 
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Fig.  2.  Location  of  the  seven  transforms  considered  in  this  study.  Locations  of  the  earthquakes  along  these  transforms  with 
anomalous  mechanisms  and  for  which  we  have  performed  body  waveform  inversion  are  shown  as  solid  circles.  Also  shown  are 
plate  boundaries  and  continents  in  Mercator  projection. 


depth  fixed  at  values  spanning  a  wide  range;  at  each  depth  we 
solved  for  the  remaining  source  parameters.  The  alignment 
between  observed  and  synthetic  seismograms  and  the  length  of  the 
STF  are  both  critical  elements  in  this  process.  Seismograms  are 
checked  for  proper  alignment  during  each  inversion,  and  STF 
lengths  are  chosen  so  that  the  final  element  tends  toward  zero 
amplitude.  Our  estimates  of  centroid  depths  are  based  on  the 
interval  over  which  the  residual  variance,  given  by  the  weighted 
mean  squared  difference  between  the  observed  and  synthetic 
waveforms  divided  by  the  data  variance  (weighted  mean  squared 
observed  waveforms),  is  minimized  [Huang  et  aL,  1986].  While 
Huang  et  aL  [1986]  developed  formal  estimates  of  depth  resolution 
using  a  statistical  approach,  Bergman  and  Solomon  [1988]  suggest 
that  the  range  in  centroid  depth  over  which  the  residual  variance 
varies  by  no  more  than  a  small  percentage  of  the  data  variance  also 
allows  a  simple  yet  conservative  estimate  of  the  uncertainty  in 
centroid  depth.  The  presence  of  distinguishable  depth  phases 
provides  another  important  constraint  on  centroid  depths. 
However,  apparent  depth  phases  can  be  generated  cither  by  surface 
reflections  from  a  simple  source  or  by  a  source  at  a  shallower  depth 
with  a  complex  STF.  Within  a  range  of  minimum  residual 
variance,  we  prefer  solutions  for  which  the  STF  is  single-peaked 
and  matches  depth  phases. 

The  results  of  the  waveform  inversions  are  given  in  Table  1. 
The  inversions  for  individual  events  are  discussed  in  the  appendix. 

Earthquake  relocations 

We  applied  a  multiple-event  relocation  technique  [Jordan  and 
Sverdrup,  1981]  to  study  the  pattern  of  seismicity  in  the  vicinity  of 
unusual  transform  events.  The  advantage  of  a  multiple-event 
relocation  is  its  ability  to  reduce  the  effect  of  path-correlated  noise 
on  the  relative  locations  of  earthquakes  within  a  small  region.  In 


the  hypoccntroidal  decomposition  method  of  Jordan  and  Sverdrup 
( 1981],  an  inversion  for  the  relative  locations  between  events  (the 
cluster  vectors)  is  performed  first,  and  then  the  global  position  of 
the  average  location  of  events  within  a  cluster  (the  hypocentroid)  is 
determined.  This  technique  has  advantages  over  other  methods  for 
multiple-event  location  in  that  it  does  not  require  fixing  a  master 
event  arKl  it  makes  full  use  of  all  available  data. 

This  method  is  well  suited  for  studying  the  relative  locations  of 
oceanic  events  with  teleseismic  data  [Jordan  and  Sverdrup,  1981; 
Bergman  and  Solomon,  1990;  Wiens  and  Petroy,  1990].  As  with 
the  single  earthquake  location  problem,  the  cpicentroid  can  be 
biased  by  errors  in  the  theoretical  travel  times  and  uneven  station 
distribution.  Bergman  and  Solomon  [1990]  found  by  comparison 
with  epicenters  from  a  local  ocean  bottom  seismograph  network 


TABLE  3.  Seismic  Velocity  Models  Assumed  for  Source  Regions 


Layer 

Thickness,  km 

Vp,  km/s 

Vs,  km/s 

p,  g/cm^ 

Fast  Slipping  Transforms 

I 

variable 

1.5 

0.0 

1.0 

2 

6.0 

6.4 

3.7 

2.8 

3 

half-space 

8.1 

4.6 

3.4 

Slow  Slipping  Transforms 

I 

variable 

1.5 

0.0 

1.0 

2 

2.2 

4.3 

2.5 

2.5 

3 

2.6 

5.9 

3.4 

2.6 

4 

half-space 

8.1 

4.6 

3.4 

V/»  and  V5  arc  the  P  wave  and  S  wave  velocity,  icspoctivdy;  p  is  the  density. 
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that  the  teleseismic  cpicentroid  of  a  cluster  of  events  on  the  nortbem 
Mid-Atlantic  Ridge  may  be  biased  systematically  to  the  north  by  as 
much  as  15  km  because  of  the  concentration  of  stations  in  North 
America  and  Europe.  The  relative  pattern  of  multiple-event 
locations  tends  to  be  less  affected  by  such  systematic  error, 
although  station  distribution  for  individual  events  still  affects  the 
axis  orientation  and  aspect  ratio  of  confidence  ellipses,  and  errors 
may  be  significant  for  earthquakes  with  few  arrivals  in  a  single 
quadrant. 

The  ISC  caulogue  for  January  1964  to  March  1989  was 
searched  for  earthquakes  near  each  of  the  transforms  of  interest. 
Wc  excluded  events  that  could  not  be  rcUably  located,  for  example 
cvenu  with  fewer  than  seven  arrival  times  or  events  with  dau  in 
less  than  three  azimuth  quadrants.  Details  of  the  data  selection  and 
inversion  procedures,  including  the  travel  time  calculation, 
clliptidiy  correction,  and  weighting  of  the  data,  were  generally  as 
described  by  Bergman  and  Solomon  [1990].  The  stations  in  the 
inversion  were  constrained  to  be  within  cpicentrai  distances  of  20® 
to  98®.  Focal  depths  were  fixed  at  10  km  below  sea  level.  The 
relocation  procedure  drops  data  with  residuals  greater  than  10  s  in 
the  first  iteration  and  then  uses  3  s  as  a  maximum  residual.  The 
relocation  procedure  is  repeated  so  that  data  with  large  relative 
errors  can  be  flagged  and  omitted  in  the  next  inversion  for  relative 
location,  although  all  such  data  are  included  in  the  final 
hypoccntroidal  inversion. 

Examples  of  the  relative  positions  of  relocated  earthquakes, 
including  95%  confidence  ellipses,  at  the  Heezen  and  St.  Paul’s 
transforms  are  shown  in  Figure  3.  The  absolute  positions  of  all 
rclocataJ  earthquakes  arc  plotted  in  Figures  4-10. 

Transform  Faults  with  Unusual  Earthquake 
Mechanisms  and  Locations 

The  anomalous  transform  mechanisms  analyzed  in  this  study 
occurred  on  seven  oceanic  transform  faults  altmg  both  slow  and 
fast  spreading  ridges  (Figure  2).  in  this  section  wc  present  a 
synthesis  of  earthquake  mechanisms  and  relocated  epicenters  on 
these  oceanic  transforms  and  of  the  relation  of  the  earthquake 
characteristics  to  the  g«)metry  and  structure  of  the  transform  fault 
zone. 

Owen  Transform 

The  Owen  transform  offsets  the  Qulsbcrg  Ridge  and  the  Sheba 
Ridge  by  300  km.  The  present  plate  configuration  was  established 
at  10  Ma,  when  magnetic  anomalies  indicate  that  spreading  in  the 
Gulf  of  Aden  commenced  [Laughton  etaL,  1970;  Cochran,  1981]. 
The  boundary  of  a  magnetic  quiet  zone,  marking  the  limit  of  recent 
spreading  on  the  Sheba  Ridge,  is  presently  located  about  150  km 
from  the  ridge  [Cochran,  1981],  only  halfway  along  the  transform. 
Stein  and  Cochran  [  1985)  argue  on  the  basis  of  basement  depths 
and  heat  flow  measuremems  that  the  Error  Ridge  complex  and  the 
Sharbithat  Ridge  complex,  which  border  the  magnetic  quiet  zone, 
were  formed  by  rifting  of  old  oceanic  litht^phcrc  during  the  early 
stages  of  opening  of  the  Gulf  of  Aden.  Changes  in  the  trend  of  the 
inactive  limbs  of  the  fracture  zone  arc  also  observed  near  its 
imersection  with  Error  Ridge  [Matthews,  1966;  Cochran,  1981] 
and  Sharbithat  Ridge  [Whitmarsh,  1979]. 

Three  earthquakes  with  unusual  mechanisms  have  occuiml  on 
the  southwestern  portion  of  the  transform  fault  zone  in  the  vicinity 
of  Error  Ridge  (Figure  4):  the  thrust-faulting  event  of  July  7. 
1986,  the  vertical  dip-slip  (or  low-angle  strike-slip)  event  of  July 


Fig.  3a.  Relative  locations  of  earthquakes  (1964  to  March  1989)  on  a 
central  portion  of  the  Heezen  transform.  Iw  each  earthquake  the  relative 
locMion  is  indteated  by  the  event  number,  the  95%  confidence  elUpse  for  the 
cluster  vector  is  shovm,  and  the  change  in  relative  position  from  the  starting 
(ISC)  locadon  is  indicated  by  a  line.  The  position  of  the  average  location  of 
events  within  a  cluster  (the  hypocentroid)  is  indicated  by  a  cross.  The 
dirtance  scales  are  in  kilometers  north  and  cast  of  the  hypocentroid.  Events 
are  numbered  in  chronological  order. 


Fig.  3i>.  Relative  locations  of  earthquakes  on  the  western  portion  of  the  St. 
Paul's  transfonn  (ISC  locations  west  of  29®W). 


29,  1983,  and  the  September  29,  1986,  event  having  a  strike-slip 
mechanism  with  an  unusual  fault  orientation.  In  relocating 
earthquakes  using  the  multiplc-cvcni  t«;hniquc,  the  assumption  that 
P  waves  have  traveled  similar  paths  begins  to  break  down  at 
interevent  distances  larger  than  perhaps  2(X)-3{X)  km.  Wc  therefore 
divided  the  large  area  around  the  southwcsteni  ridge-transform 
intersection  into  three  regions,  and  we  relocated  subsets  of 
earthquakes  on  the  ridge,  at  the  ridgc-lransform  intersection,  and 
on  the  central  portion  of  the  transform.  The  September  29.  1986, 
earthquake  is  one  of  a  scries  of  aftershocks  northwest  of  the  large 
(Mo=  2x1025  dyn  cm)  strike-slip  main  event  of  September  17. 
1986.  Three  earthquakes  occurred  after  the  July  7.  1986, 
earthquake,  two  on  the  transform,  one  on  the  ridge.  Body 
waveform  inversions  for  the  July  29,  1983,  and  July  7,  1986, 
e^thquakes  are  given  in  the  ^pendix  (Hgures  A1  and  A2). 
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Fig.  4.  Earthquake  locations  and  mechanisms  along  the  southwestern 
ponion  of  the  Owen  transform.  Bathymetry  is  adapted  from  Cochran 
[  1 988];  1  -km  contour  interval.  Mount  Error  is  at  about  10.3®N,  56.2®E  and 
reaches  depths  of  <  1  km.  The  southeastern  portion  of  Error  Ridge  includes 
both  Mount  Error  and  the  elongate  high  at  about  1 1®N.  56.2®E.  Suggested 
plate  boundary  geometry  is  shown  as  a  stippled  line;  question  marks  show 
portions  of  the  boundary  where  the  geometry  is  poorly  constrained.  The 
northeastern  transform  boundary  is  taken  as  a  small  circle  about  the  Afncan- 
Indian  Euler  vector,  and  arrows  denote  relative  plate  motion  directions 
[DeMets  et  at,  1990],  Epicenters  (solid  circles)  arc  of  relocated  events 
from  January  1964  to  March  1989.  The  mechanisms  of  the  earthquakes  of 
July  29,  1983.  and  July  7,  1986.  are  from  this  study.  All  other 
mechanisms  are  from  the  Harvard  CMT  catalogue.  He  marks  denote  the 
azimuth  of  the  maximum  compressive  horizontal  stress,  under  the 
assumption  that  the  P  axis  and  T  axis  correspond  to  the  axes  of  maximum 
and  minimum  principal  stress,  respectively.  This  assumption  may  not 
always  be  valid  [McKenzie,  1969]. 


In  the  vicinity  of  the  ridge-transform  intersection,  the  earthquake 
epicenters  and  the  bathymetry  indicate  an  apparent  compressional 
jog  (Figure  4),  although  the  transform  in  this  area  may  be  made  up 
of  several  faults  accommodating  slip.  To  the  northeast  of  the  jog, 
the  slip  vectors  of  the  strike-slip  mechanisms  and  the  epicenters 
follow  a  linear  trend  defining  the  transform  fault  zone.  The  July 
29,  1983.  and  September  17,  1986,  earthquakes,  located  near  the 
northeastern  end  of  the  jog,  both  have  one  nodal  plane  on  which 
horizontal  slip  would  be  in  the  expected  direction  of  transform 
motion.  The  mechanism  of  the  September  29,  1986,  aftershock, 
however,  is  incompatible  with  expected  transform  motion.  The 
orientations  of  both  nodal  planes  of  the  July  7,  1986,  reverse- 
faulting  earthquake  are  rotated  clockwise  from  the  transform- 
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parallel  direction,  a  sense  that  is  consistent  with  slip  occurring  at  a 
compressional  jog.  The  orientation  of  the  maximum  horizontal 
compressive  stress  indicated  by  the  anomalous  mechanism  of  the 
earthquake  of  July  29,  1983,  is  similar  to  that  for  most  strike-slip 
events  along  the  transform.  The  orientation  of  Oj  for  the 
September  29,  1986,  earthquake  indicates  transform-perpendicular 
compression. 

Si.  Paul's  Transform 

The  three  large  equatorial  transforms,  the  St.  Pauls,  the 
Romanche,  and  the  Chain,  offset  the  Mid-Atlantic  Ridge  by  about 
630,  940,  and  300  km,  respectively.  In  the  central  and  eastern 
portion  of  the  St.  Paul’s  transform  there  arc  at  least  three 
volcanically  active  extcnsional  relay  zones  [Schilling  etai,  1987). 
A  notable  feature  of  this  transform  is  the  presence  of  St.  Peter’s 
and  Sl  Paul’s  Rocks  (hereafter  referred  to  as  just  St.  Paul’s 
Rocks),  a  small  group  of  nonvolcanic  islets.  While  previous 
studies  place  the  islets  along  a  transverse  ridge  on  the  northern 
boundary  of  the  transform,  a  revised  bathymetric  map  indicates  that 
the  transform  divides  this  feature  (Figure  5).  Studies  have  shown 
that  St.  Paul’s  Rocks  consist  mostly  of  myloniiizcd  peridoiiie  and 
homblendite  and  arc  likely  an  upper  mantle-derived  intrusion  (e.g., 
Mebon  et  aL,  1972].  Recent  volcanism  is  postulated  to  have 
occurred  north  of  St.  Paul’s  Rocks,  where  an.  alkali  basalt 
associated  with  Quaternary  sediments  and  carrying  myloniiizcd 
ultramafic  xenoliths  was  dredged  [Sm/on,  1979]. 

Several  earthquakes  with  unusual  mechanisms  and  locations  are 
found  in  the  area  around  Sl.  Paul’s  Rocks  (Figure  5).  Because  the 
study  area  is  large,  we  have  relocated  events  in  three  smaller 
subsets,  with  one  group  containing  the  area  of  the  ridge  north  of 
the  transform  intersection  and  two  groups  covering  the  western  pan 
of  the  transform.  As  can  be  seen  directly  in  the  elongation  of  the 
confidence  ellipses  (Figure  3b).  the  distribution  of  stations  for 
these  events  gives  poorest  cpiccntral  resolution  in  the  northwest  to 
southeast  direction.  Events  with  anomalous  locations  (on  October 
11,  1973,  November  14,  1982,  and  October  12,  1985)  or  CMT 
mechanisms  (on  September  20,  1986.  April  20.  1988,  and 
December  23,  1988)  were  selected  for  further  study  using 
waveform  inversion.  Data  are  not  yet  available  for  the  earthquake 
of  December  30,  1989,  but  this  event  had  a  small  moment  (7x10^3 
dyn  cm)  and  likely  cannot  be  analyzed  by  body  waveform 
inversion  with  WWSSN  data. 

The  orientation  of  the  greatest  horizontal  compressive  stress 
indicated  by  the  mechanisms  of  the  two  reverse-faulting 
earthquakes  of  September  20,  1986,  and  Eiecember  23,  1988,  are 
similar,  although  rotated  to  more  nearly  perpiendicular  to  the 
transform  than  the  directions  given  by  the  strike-slip  events.  We 
postulate  that  these  earthquakes  may  be  associated  with  a  small 
compressional  jog  in  the  vicinity  of  St.  Paul’s  Rocks  and  that  the 
presence  of  anomalous  structure  has  an  influence  on  fault  motion. 
Further  information  is  needed  on  the  fault  geometry  and  transform 
structure  near  St.  Paul's  Rocks  before  this  conjecture  can  be 
evaluated.  The  April  20.  1988,  reverse- faulting  earthquake  shows 
a  fault  plane  striking  parallel  to  the  ridge,  and  the  direction  of 
maximum  horizontal  compressive  stress  is  transform-parallel  (02  is 
perpendicular  to  the  transform);  this  event  was  followed  by  a  series 
of  aftershocks  (events  32.  33,  34,  and  35  in  Figure  3b).  The 
mechanism  of  the  unusual  strike-slip  event  of  December  30, 1989, 
is  consistent  with  a  maximum  horizontal  compressional  stress  that 
is  transform  parallel  in  this  region  (and  03  perpendicular  to  the 
transform). 
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Fig.  5.  EardiquaJce  locations  uid  mechamsms  along  the  westam  portion  of  the  St  Paul's  tnuisform.  Bathymetric  contours  arc  from 
the  Gcn«al  Bathymetric  Chart  of  d»c  Occam  (GEBCO)  EXgital  AtUs,  as  supplied  by  the  Briti^  Occanograj^c  Eto  Centre,  Bidston, 
England.  March  1992;  I -km  contour  interval,  Mercator  projection.  The  location  of  tiic  December  30.  1989.  event  is  from  the  ISC. 
Mechtutisins  of  earthq^km  on  O^ober  1 1, 1973:  November  14, 1982;  October  12,  1985;  September  20, 1986;  April  20, 1988;  and 
December  23. 1988,  arc  from  tlus  study.  Madianisins  of  tite  events  on  September  14. 1971,  and  April  11, 1972,  arc  ftom  Engeln  et 
al.  [1986],  Merhanisms  of  other  events  arc  taken  from  the  Harvard  CMT  catalogue.  Crosses  show  tiic  location  of  die  Mid-Atiantic 
Ridge  and  its  intersection  with  die  St.  Paul’s  u-ansfocm,  as  given  by  J.-G.  Schilling  (Lamont-Doherty  Earth  Observatory, 
unpiri^lishcd  crui^  report,  1987).  The  oransform  boundary  is  taken  as  a  small  circle  td>out  the  South  AmOTcan-African  Euler  vector 
[DeMets  et  al.,  1990].  See  Figure  4  for  furdrer  details. 


Seismic  activity  outside  of  the  transform  fault  zone  (Figure  5) 
between  longitudes  29®  and  30® W  could  be  the  result  of  the 
anomalous  stresses  in  the  vicinity  of  St.  Paul’s  Rocks.  The 
anomalous  locations  of  the  larger  events,  however,  arc  more  Likely 
the  result  of  travel  lime  errors.  For  instance,  the  off- transform 
location  of  the  October  II,  1973,  earthquake  (event  16  in  Figure 
3b)  is  strongly  influenced  by  data  from  only  two  stations  in  the 
southem  hemisphere;  the  event  has  a  complicated  source  time 
function,  which  introduces  large  picking  errors.  The  October  12, 
1985,  earthquake  (event  27  in  Rgurc  3b)  has  a  long  source  time 
function;  picking  errors  a>uld  again  be  large.  TTic  November  14. 
1982,  earthquake  (event  24  in  Figure  3b),  with  a  simple  STF, 
provides  stronger  evidence  for  deformation  occurring  tnitside  the 
transform  fault  zone,  slightly  to  the  north  of  St.  Paul’s  Rw:ks. 

Marathon  Tran^rm 

Between  the  Fifteen  Twenty  Fracture  Zone  and  the  Verna 
Fracture  Zone,  the  Mid- Atlantic  Ridge  is  offset  by  two  smaller 
transforms,  the  Mercurius,  which  offsm  the  ridge  by  45  km  at 
12®10*N,  and  the  Marion,  which  offs^  the  ridge  by  80  km  at 
12®40’N  [Collette  et  al.,  1979,  1980,  1984].  An  anomalous 
reverse-faulting  e^thquake  cx^rr^  on  Septeml^  22, 1 985,  near 
the  Marathtwi  transform  (Figure  6). 

The  ridge  segments  to  the  imm^iate  north  and  south  of  the 
transform  do  not  display  recent  seismic  activity.  Activity  on  the 
transform  has  been  hmited  to  the  ridge-transform  intersections,  an 
area  along  the  central  portion  of  the  uansform,  and  a  s«]uencc  of 
events  to  the  southeast  of  the  transform  valley  (Figure  6).  The 
anomalous  thrust  earthquake  of  September  22,  1985,  was  the  first 


in  a  scries  of  five  events  that  occurred  over  a  4-day  jxrriod  on  the 
southem  transverse  ridge.  The  pcricxl  of  the  water  reverberations 
in  the  P  waveforms  is  consistait  with  a  shallow  water  depth  of  2-3 
km. 

Heezen  and  Tharp  Transforms 

The  Heezen  and  Tharp  transforms  are  two  large-offset 
transforms  on  the  fast  spreading  Pacific- Antarctic  plate  boundary, 
which  is  called  the  East  Pacific  Rise  to  the  north  and  the  Pacific- 
Anurctic  Ridge  to  the  south  of  these  fracture  zones.  The  Heezen 
and  Tharp  transforms  are  closely  spaixd  ( 1(X)  km),  offset  the  ridge 
by  350  and  650  km,  respectively,  and  collectively  constitute  most 
of  the  transform  portions  of  the  Eltanin  Fracture  Zone  (Figure  1). 
The  seismic  history  of  the  Eltanin  system  has  been  investigated  by 
Stewart  and  Oka!  [1983],  who  suggested  that  seismic  slip  from 
1920  to  1981  was  about  one  tenth  that  predicted  by  plate  motion 
TTKxicIs.  They  attributed  the  deficit  to  a  l^k  of  largo'  earthquakes, 
since  there  have  been  few  earthquakes  with  Ms  >  6  and  none  with 
Ms>l. 

Earthquakes  with  cxtensional  mechauiisms  oonjr  along  both  the 
Heezen  and  the  *111  arp  transforms.  Figure  la  shows  relocated 
events  along  a  central  portion  of  the  Heezen  transform.  A  normal- 
faulting  earthquake  occurred  on  the  transform  on  February  17, 
1978  (event  1 1  in  Figure  3^),  and  another  occurred  in  a  trough 
north  of  the  transform  on  August  16, 1984  (event  17  in  Rgurc  3o). 
Figure  8  shows  relocated  events  along  a  central  portion  of  the 
Tharp  transform.  A  normal -faulting  earthquake  occurr«l  on  the 
transform  on  October  10,  1982.  The  May  27,  1989,  normal- 
faulting  earthquake  is  ONisidcred  an  intraplate  event 
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Fig.  6.  Eanhquake  locations  and  mechanisms  along  the  Marathon  transform.  Bathymetry  is  from  Colietie  ft  ai  [1984];  1-km 
contour  interval.  Mercator  projection.  The  mechanism  of  the  September  22,  1985.  earthquake  is  from  this  study.  The  June  9,  1987, 
mechanism  is  from  the  Harvard  CMT  catalogue.  The  transform  boundary  is  taken  as  a  small  circle  about  the  South  Amcrican-African 
Euler  vector  \DeMets  et  ai,  1990].  See  Figure  4  for  further  details. 


The  earthquakes  of  February  17.  1978,  and  May  27.  1989. 
were  suitable  for  body  waveform  inversion  (Figures  All  and 
A 12).  The  August  16,  1984.  earthquake  on  the  Hcezen  transform 
and  the  October  10,  1982,  earthquake  on  the  Tharp  display 
dilataiional  first  motions  on  many  shon^period  seismograms, 
consistent  with  the  normal -faulting  mechanisms  indicated  by  CMT 
analysis. 

A  multibeam  survey  of  a  portion  of  the  Heezen  transform 
[Lonsdale,  1986)  helps  to  identify  the  tectonic  framework  of  the 
extcnsional  events.  Between  125°W  and  I26°W,  there  are  three 
cxtensional  offsets  of  the  fault  trace,  with  two  of  the  offsets 
forming  deep  pull-apart  basins  [Lonsdale,  1 986]  (Figure  76).  The 
February  17,  1978,  earthquake  was  located  near  the  easternmost 
offset.  The  August  16,  1984.  event  occurred  off  the  Heezen 
transform:  a  recent  multibcam  and  side-scan  sonar  imaging  survey 
of  this  area  shows  a  iransform-parallel  trough  that  extends  from  the 
ridge  (P.  Lonsdale.- personal  communication.  1991). 

The  area  of  the  Tharp  transform  near  the  epicenter  of  the 
October  10, 1982.  normal-faulting  earthquake  has  not  been  mapped 
with  multibeam  bathymetry.  Because  the  pattern  of  earthquake 
seismicity  is  similar  to  that  along  the  Heezen,  however,  we  suggest 
that  an  exiensional  offset  may  be  present  along  the  Tharp  transform 
in  the  vicinity  of  the  epicenter. 

Menard  Transform 

The  Menard  transform,  north  of  the  Eltanin  system,  is  a  large- 
offset  transform  on  the  fast  spreading  Pacific-Anta retie  plate 
boundary.  Bathymetric  and  geophysical  data  for  this  transform  are 
given  by  Molnar  et  aL  [1975].  A  normal-faulting  earthquake 
occurred  along  this  transform  on  May  15,  1987  (Figure  9). 

An  apparent  gap  in  seismicity  about  50  km  long  occurs  to  the 
west  of  the  anomalous  event.  Waveform  inversion  for  the  May  15, 
1987,  earthquake  is  given  in  Figure  A 13.  The  direction  of 


maximum  horizontal  compressive  stress  of  the  normal -faulting 
earthquake  is  similar  to  that  of  the  strike-slip  earthquakes. 

Multibeam  data  from  a  recent  survey  indicate  that  a  small 
cxtensional  offset  may  be  present  at  1 16®W,  where  two  parallel 
troughs,  offset  of  by  1  -2  km.  overlap  (P.  Lonsdale,  personal 
communication,  1991).  The  bathymetry  within  the  Menard 
transform  does  not  indicate  the  presence  of  a  large  extcnsional 
offset  similar  to  that  along  the  Heezen  transform. 

Rivera  Transform 

The  current  plate  configuration  at  the  Rivera  transform  was 
established  around  3.5  Ma,  when  spreading  ceased  on  the 
Mathematician  Ridge  and  transferred  to  the  Pacific-Cocos  Rise 
[Klitgord  and  Mammerickx,  1982].  An  abrupt  change  in 
orientation  and  tectonic  character  occurs  midway  along  the 
transform  near  longitude  107.5®W.  West  of  this  area,  seismicity  is 
more  diffuse,  bathymetry  exhibits  greater  relief,  and  the  fraaurc 
zone  consists  of  several  subparallel  valleys,  although  it  is  not 
known  how  slip  is  being  accommodated  among  them  [Ness  and 
Lyle,  1991].  Telescismically  recorded  earthquakes  are  generally 
smaller  and  more  frequent  in  the  western  area,  and  there  is  a  greater 
tendency  for  swarms  to  occur  [Prothero  and  Reid,  1982].  DeMets 
and  Stein  (1990]  find  that  the  azimuths  of  the  transform  strike  and 
eanhquake  slip  vectors  west  of  108.3®W  are  systematically  routed 
by  several  degrees  clockwise  relative  to  the  azimuths  predicted  by 
the  Pacific-Rivera  Euler  vector.  An  cxtensional  offset  of  the 
transform  has  been  identified  at  I08°W  on  the  basis  of  bathymetry 
and  an  cn  echelon  pattern  of  microcarthquakes  [Prothero  and  Reid, 

1 982].  Prothero  and  Reid  (1982)  found  a  second  cn  echelon  offset 
of  microcarthquakes  west  of  109°W.  possibly  indicating  another 
exiensional  relay. 

Figure  10  shows  relocated  earthquakes  (mb^  4.5)  and 
mechanisms  along  a  portion  of  the  western  Rivera  transform.  The 
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Fig.  la.  Earthquake  locations  and  mech^isins  along  the  ccnti^al  portion  of  the  Hecren  transform.  Bathymetry  is  adapted  from 
Lonsdale  [1986];  I -km  contour  interval.  The  mechanism  of  the  earthquake  of  February  17,  1978.  is  from  this  study.  All  other 
medtanisms  arc  from  the  Harvard  CMT  catalogue.  Sec  Figure  4  for  forihCT  details. 


Fig.  lb.  Geologic  sketch  map  of  the  Hce^n  tramform,  adapted  from 
Lonsdale  oblique  projection. 

location  uncertainty  in  the  northeast-southwest  direction  is  large 
because  of  a  lack  of  arrivals  to  the  southwest  (cpiccntral  confidence 
ellipses  derived  from  mulliple-evcnt  relocation  arc  clongatal  in  this 
direction).  While  most  earthquake  epicenters  and  mechanisms  are 
consistent  with  the  expected  transform  motion,  to  the  west  of 
109®W  some  earthquake  epicenters  aj^ear  to  lie  north  of  the 
transform.  This  pattern  occurs  near  the  ^ca  where  Prothero  and 
Reid  [1982)  report  an  en  echelon  pattern  of  microcarthquake 
epicenters. 

Several  earthquakes  with  anomalous  mechanisms  arc  located 
west  of  109®W.  The  normal-faulting  ^ithquakc  of  September  21 . 
1977,  occurred  in  the  scismically  active  inner  comer  of  the  rise- 
transform  intersection.  In  addition,  three  earthquakes  with 
prcdomin^ly  strike-slip  mechanisms  but  vrith  the  strike  directions 
of  the  probable  fault  planes  rotated  clockwise  from  the  expected 
transform  dirKnion  occurred  on  May  8,  1983.  These  earthquakes 
arc  a  part  of  a  sequence  of  about  15  events  that  span  a  3-day 
period.  The  May  9,  1983,  earthquake  having  a  strike-slip 
mechanism  with  an  imomalous  fault  dip  is  the  Ingest  event  in  this 


sequence  {Mq-  4.2x10-5  dyn  cm).  The  earthquake  of  February 
17.  1984,  is  located  to  the  east  of  a  short  offset  of  the  rise  axis,  a 
region  where  deformation  may  be  more  complex  than  simple  strike - 
slip  motion  [Lonsdale,  1991].  The  mechanism  of  this  earthquake 
also  shows  a  strike  direction  of  the  probable  fault  plane  that  is 
rotated  clockwise  from  the  expected  direction  of  transform  slip. 
Current  bathymetric  information  does  not  permit  a  clear  association 
of  the  unusual  pattern  of  epicenters  and  mechanisms  with 
morphologic  features  and  physical  processes. 

Centroid  Depths 

Centroid  depths  of  strike-slip  earthquakes  along  the  St.  Paul’s 
transform  and  the  two  reverse- faulting  earthquakes  near  St.  Paul's 
Rocks  may  be  compared  with  results  for  other  large  earthquakes 
[Engeln  et  ai,  1986;  Bergman  and  Solomon,  1988]  and  for 
microearthquakes  [Francis  et  ai,  1978;  Wilcock  et  ai,  1990]  on 
slow  slipping  transforms.  In  contrast,  centroid  depths  arc  not  well 
resolved  on  the  Heezen  and  Menard  transforms  because  of  the  poor 
P  wave  S/N  and  the  sparse  sampling  of  waveforms.  'The  age  offset 
of  the  Owen  transform  is  not  fully  developed,  because  oceanic 
crust  generated  by  spreading  on  the  Sheba  ridge  to  the  north 
extends  only  halfway  along  the  transform,  so  the  depth  of  seismic 
faulting  cannot  be  simply  related  to  thcnmal  models. 

From  body  waveform  modeling,  Engeln  et  al  [1986]  reported 
centroid  depths  along  Atl^tic  transforms  from  2  to  7  km  below  the 
seafloor  and  suggested  that  earthquake  faulting  is  limited  by  the 
600®C  isotherm.  Bergman  mid  Solomon  [1988]  disputed  this  result 
and  on  the  basis  of  a  more  thorough  waveform  invenion  procedure 
found  that  centroid  depths  on  such  transforms  arc  generally  7- 1 0 
km,  consistent  with  a  nominal  limiting  isotherm  of  900®  +  100®C. 
The  centroid  depths  of  10-14  km  that  we  determine  for  earthquakes 
along  the  St.  Paul’s  transform  are  in  agreement  with  the 
conclusions  of  Bergman  and  Solomon  [1988].  To  estimate  the 
value  of  the  isotherm  limiting  earthquake  faulting,  we  follow  the 
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Fig.  8.  Earthquake  locations  and  mechanisms  along  a  portion  of  Uk  Tharp  transform.  Bathymetry  is  adapted  from  Lonsdale  [1986]; 
I ’km  contour  interval.  The  mechanism  of  the  May  27. 1989.  earthquake  is  from  this  study.  Other  earthquake  mechanisms  arc  from 
the  Harvard  CMT  catalogue.  The  epicenter  of  the  May  27,  1989,  earthquake  is  taken  from  the  ISC  catalogue.  Sec  Figure  4  for 
further  details. 


method  of  Bergman  and  Solomon  [1988]:  we  average  the 
isotherms  in  adjoining  lithospheric  plates,  in  which  temperatures 
are  calculated  from  a  standard  plate-cooling  model  [Parsons  and 
Sclater^  1 977).  and  we  calculate  the  depth  extent  of  faulting  using 
the  method  of  Ebel  et  ai  [1978],  which  relates  the  radius  of  a 
circular  fault  to  the  duration  of  the  souce  time  function  (further 
details  are  described  by  Bergman  and  Solomon  [1988]).  The  depth 
extent  of  faulting  is  assumed  to  be  twice  the  centroid  depth  for  the 
two  strike-slip  earthquakes  of  October  II,  1973,  and  October  12, 
1985,  which  have  a  caculated  fault  radius  greater  than  the  centroid 
depth. 

The  presence  of  volcanically  active  relay  zones  within  the 
transform  and  the  lack  of  magnetic  anomaly  information  on  age 
offset  complicate  specification  of  a  thermal  model.  For  a  constant 
half-spreading  rate  of  16  mm/yr  [DeMets  et  oL^  1990]  and  a  fault 
offset  of  630  km,  the  depth  of  faulting  is  limited  by  a  temperature 
of  750®  +  1(X)®C  (Figure  1  la).  If  the  fault  offset  is  shortened  to 
3(X)  km  by  postulating  that  volcanically  active  relay  zones  have 
thermal  structures  similar  to  fully  developed  ridge  segments,  the 
limiting  isotherm  may  be  as  high  as  1000°C  (Figure  116). 
However,  since  our  thermal  model  neglects  three-dimensional 
convective  and  conductive  heat  transfer  across  the  transform,  the 
thermal  structure  resulting  from  a  short  ridge  segment  within  the 
long  St.  Paul’s  transform  fault  will  differ  from  the  two-dimensional 
approximation  [e.g.,  Phipps  Morgan  and  Forsyth,  1988].  When 
three-dimensional  effects  are  considered,  it  is  likely  that  the  thermal 
effect  of  a  short  ridge  will  not  be  as  extreme  as  predicted  in  Figure 
116. 


The  depths  of  microcarth quakes  are  typically  somewhat 
shallower  than  the  inferred  maximum  depths  of  faulting  of  large 
earthquakes.  From  a  microearthquakc  experiment  at  the  eastern 
intersection  of  the  St.  Paul’s  transform  and  the  Mid-Atlantic  Ridge, 
Francis  et  ai  [1978]  found  that  eanhquakes  occurred  in  two  depth 
intervals:  shallow  shocks  at  O-I  km  depth  occurred  mostly  as  small 
swarms  on  the  ridge  axis,  while  events  clustered  near  7  km  depth 
occurred  on  the  active  transform.  Wilcock  et  ai  [1990]  reported 
microearthquake  focal  depths  along  the  Kane  transform  of  3-6  km 
near  the  ridge-transform  intersection  and  5-9  km  in  the  transform 
fault  zone  distant  from  the  intersection. 

Discussion 

The  mechanisms  of  transform  earthquakes  provide  important 
information  about  mechanical  processes  occurring  along  the 
transform.  In  this  section  we  evaluate  the  possible  processes 
contributing  to  the  occurrence  of  such  events  by  comparing  the 
characteristics  of  anomalous  earthquakes  to  be  expected  from  each 
process  against  our  observations. 

Importance  of  Feudt  Geometry  and  Structure 

Bends  or  offsets  in  strike-slip  faults  are  capable  of  generating 
anomalous  stresses  in  the  adjoining  blocks,  producing  uplift  or 
subsidetK:e,  and  influencing  the  pattern  of  faulting  [e.g.,  Segall  and 
Pollard,  1980;  King  and  Nabelek,  1985;  Sibson,  1985,  1986; 
Nabelek  et  ai,  1987;  Barka  and  Kadinsky-Cade,  1988;  Bilham  and 
King.  1989;  McNally  et  ai,  1989;  Anderson,  1990;  Saucier  et  ai. 
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Fig.  9.  Earthquake  locations  an<j  mccl^nisnis  along  the  Menard  tram  form.  Bathymetry  is  adapted  from  Mammerickx  etai  [1975]; 
contours  arc  in  tboussutds  of  fadioms.  with  a  100-fathom  contour  interval  and  the  1 5(X)-fathom  contour  dashed.  The  mechanism  of 
tl^  May  15,  1987.  earthquake  is  from  this  study.  Other  earthquake  mechanisms  are  from  the  Harvard  CMT  catalogue.  The 
oansform  bounds  is  taken  as  a  small  circle  about  the  Pacific-Antarctic  Euler  vector  [DeMets  et  ai,  1^0].  See  Figure  4  for  further 
details. 


1992).  Previous  studies  [Protkero  and  Reid,  1982;  Trehu  and 
Solomon,  1983;  Bergman  and  Solomon,  1988]  have  shown  that 
anomalous  patterns  of  seismicity  cm  also  occur  at  bends  or  offsets 
in  oceanic  transforms.  The  observations  of  this  study  provide 
additional  evident^  that  the  presence  of  con^lex  fault  ga>mctry 
structure  can  innuence  the  pattern  of  earthquake  locations  and 
mechanisms  along  oceanic  transforms.  Such  irregularities  in  fault 
geometry  can  be  expected  to  arise  from  a  variety  of  processes 
influencing  the  temporal  evolution  of  the  PTDZ  (c.g..  changes  in 
plate  motion,  diapiric  rise  of  altered  blocks  of  lower  crustal  or 
upper  mantle  material,  volcanic  construction,  fault-normal 
compression  or  extension,  variability  in  crustal  accretion  at 
adjoining  ridge  segments,  or  small  deviations  of  transform  strike 
from  the  ideal  small  circle). 

At  the  western  ridge-transform  intersection  of  the  Owen 
transform,  as  noted  above,  bathymetry,  earthquake  epicenters,  and 
the  presence  of  earthquakes  with  anomalous  m^h^iisms  indicate 
the  existence  of  a  compressional  fault  jog  (Figure  4).  The 
interaction  of  tl^  active  transform  with  Error  Ridge,  anomalous 
structure  inherited  from  the  opening  of  the  Gulf  of  Aden,  may 
account  for  the  (XMnplex  fault  geometry. 

At  the  Sl  Paul’s  transform,  the  re  verse- faulting  earthquakes 
occumng  near  SL  Paul’s  R(Kks  (Figure  5)  may  be  associated  with 


a  compressive  fault  jog.  similar  to  the  case  at  the  Owen  transform. 
Elcnrwntal  and  isotopic  chemistry,  mineralogy,  and  geothenTWmetry 
of  islet  samples  suggest  that  St.  Paul’s  Rocks  may  be  a  relict  of 
subcontinental  mantle,  left  behind  in  the  opening  of  the  Atlantic  and 
subsequently  emplaced  as  surface  blocks  [Bonatti,  1990).  While 
complexities  in  fault  geometry  may  be  responsible  for  the  present 
deformation  near  St.  Paul’s  Rocks,  it  is  less  likely  that  fault 
geometry  was  the  principal  cause  for  the  original  emplacement  of 
this  feature.  Rapid  ascent  from  depths  greater  than  about  30  km 
arwi  emplacement  in  the  solid  state  arc  su^ested  by  the  presence  of 
mantle-equilibrated  primary  assemblages  in  the  form  of  augen 
within  a  variably  recrysiallized  mylonite  matrix  {Melson  et  ai, 
1972].  Uplifted  blocks  have  been  found  on  the  walls  of  many 
transforms;  petrologic  investigMions  suggest  that  these  blocks  are 
made  up  of  gabbro  or  peridotite  that  originated  in  the  lower  crust  or 
upper  mantle  [e.g..  Bonatti,  1978;  Bonatti  and  Hamlyn,  1978]. 

Along  the  Pacific- Antarctic  plate  boundary,  the  normal -faulting 
earthquakes  occurring  on  the  Hcczcn,  Tharp,  and  Menard 
transforms  appear  to  be  associate  vrith  extensionai  jogs  in  the  trace 
of  the  PTDZ.  At  the  Heezen  transform,  a  normal-faulting 
earthquake  occurred  on  the  border  of  an  extensionai  offset  (Figure 
7o),  possibly  reflecting  a  normal  fault  at  the  «igc  of  a  pull-apart 
basin.  Normal- faulting  earthquakes  on  the  Tharp  (Figure  8)  and 


81 


WOLFE  ETAL.:  UNUSUAL  OCEANIC  TRANSFORM  EARTHQUAKES 


16,199 


Fig.  10.  Earthquake  locations  and  mechanisms  along  the  western  Rivera 
transform.  Bathymetry  is  adapted  from  Dauphin  aid  Ness  [1991];  1-km 
contour  interval.  Plate  boundary  is  taken  from  Ness  and  Lyle  [1991],  who 
identify  possible  fault  lineations  on  the  basis  of  bathymetry  and  seismicity. 
Arrows  denote  relative  plate  motion  directions  [DeMets  and  Stein,  1991]. 
Sec  Figure  4  for  further  details. 


the  Menard  (Figure  9)  transforms  may  also  be  associated  with 
extensional  offsets. 

At  the  western  ridge-transform  intersection  of  the  Rivera 
transform,  a  normal-faulting  earthquake  and  several  strike-slip 
events  with  anomalously  striking  fault  planes  have  occurred 
(Figure  1 0).  Earthquake  epicenters  appear  offset  to  the  northeast  of 
the  expected  transform  location,  although  the  constraint  on 
locations  in  the  direction  perpendicular  to  the  transform  is  weak. 
An  extensional  offset  of  the  Rivera  transform  may  occur  west  of 
109®W.  Alternatively,  the  earthquakes  with  anomalous 
mechanisms  may  reflect  internal  deformation  of  the  Rivera  plate. 

Fox  and  Gallo  (1984)  argue  that  higher  strain  rates  and  the 
juxtaposition  of  thinner  lithosphere  will  allow  relay  zones  to 
develop  more  easily  along  transforms  at  fast  spreading  ridges.  In 
accord  with  this  hypothesis,  extensional  relay  zones  have  been 
mapped  along  a  number  of  other  transforms  along  the  East  Pacific 
Rise,  including  the  Tamayo  [Macdonald  et  ai,  1979J,  the  Orozco 
[Trdhu  and  Solomon^  1983;  Madsen  et  al^  1986),  the  Clipperton 
[Gallo  et  ai,  1986),  and  the  Siqueiros  [Fomari  et  aL,  1989] 
transforms,  and  the  Quebrada,  Discovery,  Gofar,  Wilkes,  and 
Garrett  transforms  on  the  Pacific-Nazea  spreading  center 
[Lonsdale,  1989).  (A  recent  compilation  of  transforms  known  to 


have  extensional  relay  zones  is  given  by  Fomari  et  al.  [1989].) 
The  CMT  catalogue  does  not  include  events  with  normal -faulting 
mechanisms  along  these  transforms.  An  anomalous  strike-slip 
earthquake,  having  a  sense  of  slip  opposite  to  that  expected  for 
transform  motion,  occurred  along  the  right-stepping  Gofar 
transform  (Table  2),  but  this  earthquake  is  probably  associated  with 
one  of  two  small  left-stepping  offsets  south  of  the  Gofar 
[Lonsdale,  1989). 

The  lack  of  teleseismically  observable  normal-faulting 
earthquakes  along  most  of  the  fastest  slipping  transforms  may  be 
because  many  of  these  extensional  relay  zones  occur  as 
intratransform  spreading  centers.  At  fast  spreading  rates,  such 
relays  would  not  be  expected  to  display  significant  seismicity  at 
lelescismic  distances.  Crustal  thinning  and  magmatic  activity 
(cither  intrusive  or  extrusive)  within  the  extending  region  of  the 
transform  could  yield  anomalously  high  temperatures,  at  most  a 
thin  seismogenic  layer,  and  thus  a  paucity  of  observable  activity. 
The  presence  of  amphibolite-facies  mctamorphic  rocks  collected  in 
the  vicinity  of  the  pull-apart  at  125.7*W  on  the  Heczen  transform 
provides  indirect  evidence  for  bmited  magmatic  intrusioh  associated 
with  crustal  thinning  [Lonsdale,  1986). 

Extensional  offsets  may  also  have  an  influence  on  the  rate  of 
release  of  seismic  moment  along  fast  slipping  transforms.  The 
maximum  moment  of  transform  earthquakes  appears  to  decrease 
and  the  moment  rate  deficit  increases  with  increasing  spreading  rate 
[Burr  and  Solomon,  1978;  Kawasaki  et  ai,  1985).  The  presence 
of  fault  offsets  could  inhibit  rupture  of  long  fault  segments  and 
limit  the  maximum  moments  of  earthquakes,  although  it  is  not  clear 
how  fault  offsets  would  affect  the  total  moment  release.  The 
thermal  and  compositional  effects  of  offsets  could  also  be 
important. 

Influence  of  Changes  in  Spreading  Direction 

Changes  in  plate  motion  may  lead  to  the  occurrence  of 
eanhquakes  with  anomalous  mechanisms  by  altering  fault  geometry 
and  by  introducing  a  component  of  compression  or  extension  along 
the  fault.  For  insunce.  along  the  Pacific-Nazea  plate  boundary,  a 
recent  small  clockwise  rotation  is  inferred  to  have  created 
intratransform  spreading  centers  within  large-offset,  right-stepping 
transforms  [Lonsdale,  1989).  Others  have  suggested  that  recent 
plate  motion  changes  have  occurred  along  the  Rivera,  Eltanin,  and 
St.  Paul's  transforms  [Lonsdale,  1986;  DeMets  and  Stein,  1990; 
y.-C.  Schilling,  unpublished  cruise  report,  1987).  We  examine 
whether  these  changes  appear  to  have  been  a  significant  influence 
in  the  occurrence  of  earthquakes  with  anomalous  mechanisms  and 
locations. 

The  Pacific-Rivera  magnetic  lineations  show  that  the  rise  crest 
has  progressively  rotated  5-15°  in  a  clockwise  direction  in  the  last  5 
m.y,  [DeMets  and  Stein,  1990],  putting  the  left-stepping  Rivera 
transform  in  compression.  This  change  in  spreading  direction  is 
compatible  with  the  apparent  rotation  of  stresses  toward  transform- 
perpendicular  compression  inferred  from  the  anomalous  strike-slip 
eanhquakes  near  the  ridge-transform  intersection.  Such  a  change 
would  tend  to  destroy  extensional  relay  zones  along  the  left¬ 
stepping  transform,  although  at  least  one  such  relay  zone  has  been 
suggested  on  the  basis  of  seismicity  and  bathymetry. 

Recent  plate  motion  changes  at  the  Eltanin  may  explain  the 
occurrence  of  several  earthquakes  with  normal-faulting 
mechanisms.  Magnetic  anomalies  north  of  the  Heezen  transform 
show  a  10°  clockwise  rotation  of  spreading  in  the  past  4  m.y., 
which  would  put  the  right-stepping  transform  in  extension  in  the 
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Figure  1 1 .  Centroid  depths  of  earthquakes  along  the  St.  Paul’s  transform,  (o)  Thermal  model  doived  for  mi  offset  of  630  km  and 
an  age  i^ffaence  of  39  Ma.  ib)  Thmnal  model  dertved  for  an  offset  of  300  km  and  an  differeiice  of  19  Ma.  Circles  denote  the 
areal  extmt  of  fatddng  for  a  ctrcular  fmjlt  model.  VerticaJ  bars  denote  a  depth  extent  of  faulting  diat  is  twice  the  coitroid  depth.  See 
text  for  furtho'  dctMls. 


more  recent  past  and  would  favor  the  devclopir^nt  of  extensional 
offsets  [Lonsdale^  1986],  similar  to  the  situation  along  the  Pacific- 
Nazea  plate  boundary. 

The  normal-faulting  mechanisms  along  the  Eltanin  fault  system 
and  at  the  Menard  timisform  may  also  reflect  regional  stresses 
caused  by  plate  motion  changes.  Minor  internal  plate  deformation 
in  the  past  20  m.y.  near  this  region  of  the  Pacific- Antarctic  plate 
bound^y  has  been  suggested  to  expl^n  the  possible  mismatch  of 
fracture  zones  from  plate  reconstnicUons  [Stock  et  aL,  1991]. 
Analysis  of  bathyrr^tric  and  magn^c  data  [Molnar  tt  ai,  1975; 
Lonsdale^  1986]  and  of  geoid  data  [Mayes  et  ai.  1990] 
demonstrates  the  evolution  of  spreading  direction  in  the  past:  the 
s|^ng  betwe^  Uie  Heezen  and  Th^  hacture  zones  decreased  by 
100  km  due  to  changes  in  the  spreading  dir»ntan  along  the  Padfic- 
ArUaictic  spreading  c«iter  about  20-35  m.y.  ago.  The  destruction 
of  small,  left-offsetting  fracture  zones  the  creation  of  many 
small,  right-offsetting  fracture  zones  occurred  during  this 
counterclockwise  ch^^e  in  plate  motion  [Mohmr  et  ai,  1975], 
consistent  with  the  view  that  transforms,  particularly  along  fast 
spreading  rises,  are  zones  of  weakness  that  can  adjust  readily 
during  plate  motion  changes  [Menard  and  Atwater,  1968]. 
Regional  deformation  may  explain  the  occurrence  of  norma  1- 
fauUing  earthquakes  with  similar  orientation  both  along  the 
transforms  and  in  intrmplate  settings,  »ich  as  south  of  the  Tharp 
transform. 

A  survey  of  the  Mid- Atlantic  Ridge  north  of  the  St.  Paul’s 
transform  [Schilling  et  ai,  1987;  /-C.  SchiUing,  unpublished 


cruise  report,  1987]  revealed  that  the  morphologic  grain  changed 
orientation  from  about  N340-350®E  to  0®  over  the  past  0.2  My  and 
that  the  ridge  has  propagated  northward  from  the  transform, 
[^rhaps  in  response  to  a  clockwise  change  in  spreading  direction 
and  rotation  of  the  fracture  zone,  as  propose  by  Bonatti  and  Crane 
[1982]  for  the  Verna  transform.  TTic  change  in  ridge  orientation 
may  explain  the  ridge-pcrpoidicular  ccmipressive  stresses  indicated 
by  earthquakes  with  unusual  mechanisms  near  the  western  ridge- 
transform  intersection.  /-G.  Schilling  (unpublished  cruise  report, 
1987)  has  suggested  that  this  clockwise  change  in  orientation  may 
have  led  to  the  development  of  extensional  relay  zones  in  the 
transform. 

In  summary,  there  is  some  indication  that  changes  in  plate 
motion  arc  resfXMisiblc  for  the  occurrence  of  ^tomalous  earthquake 
activity  along  some  oceanic  transfwms,  but  further  evidence  is 
FH^uiroi  to  support  this  hypothesis. 

Thermal  Stresses 

ThermaJ  stresses  generated  by  the  diff«ential  cooling  of  oceanic 
lithosphere  have  been  suggested  as  a  primary  cause  of  oceanic 
inttaplate  earthquakes  on  the  basis  of  the  pattern  of  earthquake 
source  characteristics  with  depth  and  seafloor  age  [Bratt  et  al, 
1985;  Parmentier  and  Hashy,  1986].  Two-dimensional  models  of 
thermal  stresses  predict  large,  ridge-p^Ilel  extensional  stresses 
near  the  ridge-transform  intersection  [Sandwell,  1986;  Haxby  and 
Parmentier,  1988].  It  has  also  been  piopMSsed  that  fracture  zones 
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form  in  response  to  such  ridgc*paraHel  extension  [CoUetie,  1974; 
Turcotte,  1974].  The  presence  of  earthquakes  with  mechanisms 
indicating  that  the  least  compressive  horizontal  stress  is  ridge- 
parallel  in  the  vicinity  of  the  ridge-transform  intersections  of  the  St. 
Paul's  and  Marathon  transforms  is  thus  consistent  with  a 
controlling  influence  by  thermal  stresses.  A  quantitative  analysis 
comparing  a  larger  set  of  earthquake  data  with  appropriate  three- 
dimensional  models  of  thermal  stress  near  oceanic  transforms  is 
necessary  to  provide  a  rigorous  test  of  this  hypothesis. 

Evidence  for  a  Weak  Fault 

As  noted  earlier,  some  oceanic  and  continental  transforms 
appear  to  act  as  zones  of  weakness,  with  low  shear  stresses  on  the 
fault  and  a  horizontal  principal  stress  oriented  in  a  nearly  fault- 
normal  direction  in  the  lithosphere  adjacent  to  the  fault  [Zoback  et 
ai,  1987;  Mount  and  Suppe,  1987;  Wilcock  et  ai^  1990].  In  this 
section,  we  consider  whether  transform  earthquakes  with 
anomalous  mechanisms  provide  additional  evidence  for  the 
presence  of  a  weak  fault  zone. 

On  the  St.  Paul’s  and  Marathon  transforms,  shallow  reverse- 
faulting  events  with  ridge-parallel  fault  strikes  occur  near  the  ridge- 
transform  intersections.  A  strike-slip  event  with  an  unusual 
orientation  occurred  near  the  site  of  the  reverse-faulting  event  at  the 
St.  Paul’s  transform.  The  mechanisms  of  these  earthquakes 
indicate  transform-perpendicular  extension  near  the  ridge-transform 
intersection.  Near  St.  Paul’s  Rocks,  on  the  other  hand,  Che 
reverse-faulting  focal  mechanisms  imply  that  the  horizontal  stresses 
are  rotated  toward  transform- perpendicular  compression. 
Differences  in  fault  geometry  and  structure  may  account  for  this 
difference  in  the  ordering  of  principal  stresses.  In  the  area  of  the 
compressive  fault  jog  at  the  Owen  transform,  an  anomalous  strike- 
slip  earthquake  indicating  transform-perpendicular  compression 
occurred  as  an  aftershock  to  an  earthquake  with  mechanism 
compatible  with  transform-parallel  motion.  At  the  Eltanin 
transform,  several  normal-faulting  earthquakes  show  an  orientation 
of  stresses  similar  to  that  of  a  normal-faulting  intraplate  earthquake 
that  occurred  100  km  south  of  the  Tharp  transform  (Hgure  1)  and 
thus  are  more  likely  a  response  to  a  regional  stress  field. 
Earthquakes  with  anomalous  strike-slip  mechanisms  near  the 
Rivera  transform  indicate  a  stress  field  tending  toward  transform- 
perpendicular  compression. 

We  see  no  strong  evidence  in  the^  data  to  support  the  view  that 
oceanic  transforms  are  generally  weaker  than  the  surrounding 
lithosphere  on  the  basis  of  a  systematic  perturbation  to  the  regional 
stress  field.  Neither  do  the  observations  invalidate  this  hypothesis, 
however.  The  mechanisms  of  the  large  anomalous  earthquakes  in 
this  study  appear  to  be  dominated  by  factors  other  than  a 
systematically  reduced  strength  on  the  transform.  We  note  that  no 
anomalous  large  earthquakes  were  found  on  the  Kane  transform, 
where  the  microearthquake  experiment  of  Wilcock  et  aL  [1990] 
found  several  events  within  the  transform  valley  indicative  of 
extension  perpendicular  to  the  transform. 

Conclusions 

A  number  of  large  earthquakes  with  mechanisms  or  locations 
inconsistent  with  simple  models  have  occurred  near  large-o^set 
oceanic  transform  faults.  Much  of  the  anomalous  earthquake 
activity  can  be  associated  with  complex  fault  geometry  or  large 
structural  features  that  apparently  influence  slip  on  the  fault. 
Compressional  fault  jogs  associated  with  anomalous  structures  arc 


likely  responsible  for  earthquakes  with  unusual  mechanisms  on  the 
Owen  and  St.  Paul’s  transforms.  A  normal -faulting  earthquake  on 
the  Hcczcn  transform  occurs  at  the  edge  of  an  cxtensional  offset, 
and  other  normal-faulting  earthquakes  on  transforms  along  the 
East-Pacific  Rise  may  likewise  be  associated  with  cxtensional 
offsets. 

Several  other  factors  may  contribute  to  the  occurrence  of  such 
earthquakes,  but  we  do  not  find  strong  evidence  to  support  their 
influence.  Recent  changes  in  plate  motion,  suggested  to  have 
occurred  at  the  Eltanin,  Rivera,  and  St.  Paul’s  transforms,  could 
contribute  to  the  presence  of  anomalous  earthquakes  by  influencing 
fault  geometry  or  the  state  of  stress  along  the  fault.  Thermal 
stresses  near  ridge-transform  intersections  may  lead  to  earthquakes 
having  reverse- faulting  mechanisms  charaacrized  by  a  ridge- 
parallel  least  compressive  stress;  events  with  such  mechanisms  arc 
seen  near  the  ridge-transform  intersections  of  the  St.  Paul's  and 
Marathon  transforms.  While  some  earthquakes  show  evidence  for 
a  nearly  transform-perpendicular  orientation  of  one  of  the  principal 
horizontal  stresses,  consistent  with  a  weak  fault  zone,  our  results 
do  not  resolve  whether  oceanic  transforms  arc  generally  weaker 
than  surrounding  lithosphere. 

APPENDIX:  Earthquake  Source  Mechanisms 
From  Body  Wa verdrm  Inversion 

in  this  appendix  we  present  the  details  of  long-period  P  and  SH 
waveform  inversion  for  the  13  transform  earthquakes  listed  in 
Tabic  1 .  The  orientation  (strike/dip/slip)  of  each  double-couple 
mechanism  is  presented  according  to  the  convention  of  Aki  and 
Richards  [1980].  Centroid  depths  arc  given  relative  to  the  seafloor. 

July  29,  1983,  Owen  Transform  (Figure  Al) 

Waveform  inversion  for  this  event  indicates  a  mechanism  of 
214/89/298,  similar  to  the  CMT  solution  of  37/71/44  [Dziewonski 
et  al.,  1984],  and  consistent  with  cither  predominantly  dip-slip 
motion  on  a  nearly  vertical  fault  oriented  approximately  parallel  to 
the  transform  or  primarily  right-lateral  strike-slip  motion  on  a 
northeasterly  dipping  low-angle  fault  Vertical  short-period  records 
at  KEV  and  CHG  were  examined  to  confirm  the  polarity  of  the  first 
pulses.  The  SH  wave  data  for  this  event  provide  strong  constraints 
on  the  unusual  mechanism.  The  minimum  residual  occurs  for 
centroid  depths  between  6  and  16  km. 

July  7,  1986,  Owen  Tran^orm  (Figure  A2) 

The  earthquake  of  July  7,  1986,  on  the  Owen  transform  is  the 
largest  event  (Afo=  3.7x10^5  dyn  cm)  in  the  catalogue  of 
anomalous  transform  events.  There  is  good  coverage  of  the  focal 
sphere,  and  the  waveforms  are  best  fit  by  a  reverse- faulting 
solution  (238/36/095)  al  a  centroid  depth  of  4  km.  This  source 
mechanism  is  similar  to  the  CMT  solution  of  242/42/098 
[Dziewonski  et  aL,  19876].  Solutions  constrained  to  be  shallower 
or  deeper  than  4  km  have  jagged  source  time  functions  and  higher 
rms  residual  variances.  P  wave  reverberations  indicate  a  water 
depth  of  4  km. 

October  11.  1973,  St.  Paul's  Transform  (Figure  A3) 

On  October  1 1 . 1973,  the  ISC  reported  two  events  separated  by 
approximately  10  s.  The  earlier,  smaller  event  falls  on  the  map 
trend  of  transfoim  activity  while  the  later,  larger  event  occurred  off- 
trend  (Figure  4  and  events  15  and  16  in  Figure  36).  The  unusual 
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P  WAVES  /\  SH  WAVES 


Fig.  AI.  Ot^rvcd  (solid  curve)  loeg-pcritKl  F  and  SH  waveforms  from  ihe  cmhqualcc  of  July  29.  1983,  comp^od  with  synthetic 
waveforms  (dashed  curves)  generated  from  the  best  fining  point  source  nvodci  found  from  body  waveform  inversion.  WavefOTms 
from  GDSN  stations  (M  AJO.  NWAO.  and  BCAO)  arc  plotted  at  the  scale  shown  in  the  lower  right.  F  and  SH  radiation  patterns  are 
shown  on  the  lovrer  focal  hemisphere  (equal -^a  ejection).  For  SH  waves.  com|Mession  corresfKDnds  to  positive  motion  as 
defined  by  Aki  and  Richards  [1980].  All  amplitutks  arc  normalized  to  an  cpiccntral  distance  of  40®  and  a  WWSSN  instrument 
magnification  of  1500;  the  amplitude  scales  correspond  to  the  waveforms  that  would  be  c^served  on  an  originai  seismogram  from 
such  an  instfument.  The  two  vcrucal  lines  show  the  portion  of  each  time  series  used  in  the  invCTsion.  Open  circles  denote  dilatationaJ 
first  motions,  solid  circles  denote  comprcssional  first  modons,  and  crosses  denote  emergent  ^rivals. 


Fig.  A2.  Observed  F  and  SH  wavefoom  firom  dte  earthquake  of  July  7.  1 986.  compared  with  synthetic  waveforms  generated  from 
the  best  fitting  point  source  model  found  from  body  waveform  inversion.  See  Figure  A 1  for  further  details. 


85 


WOLFE  ETAL.:  UNUSUAL  OCEANIC  TRANSFORM  EARTHQUAKES 


I6.:05 


character  of  these  locations  made  body  waveform  analysis  of  these 
events  desirable.  For  the  smaller  event,  we  could  not  resolve  a 
mechanism,  and  we  fixed  the  parameters  to  those  of  a  conventional 
strike-slip  event.  For  the  larger  event,  we  parameterized  the  STF 
as  a  horizontal  rupture  along  the  nodal  plane  striking  at  264®. 
Minimization  of  the  rms  residual  indicates  a  centroid  depth  in  the 
range  9-15  km,  consistent  with  apparent  depth  phases  in  P  waves 
at  ESK,  1ST,  and  JER 


November  14,  1982,  St,  Paul's  Transform  (Figure  A4) 

Our  analysis  shows  that  this  earthquake  involved  almost  purely 
strike-slip  faulting,  although  the  probable  fault  plane  appears  to 
depart  from  the  vertical.  This  event  is  well  fit  by  a  simple  STF  at 
9-13  km  centroid  depth.  Our  solution  of  86/66/172  is  in  good 
agreement  with  the  CMT  solution  of  85/90/180  [Dziewonski  ei  al.. 
1983^]. 


Fig.  A3.  Observed  P  and  SH  waves  from  the  earthquake  of  October  1 1 .  1973.  compared  with  synthetic  waveforms  generated  for  a 
source  model  with  two  point  sources.  The  parameters  of  the  first,  smaller,  event  were  fixed  in  the  inversion;  the  source  parameters 
of  the  second  event  arc  found  from  body  waveform  inversion.  The  radiation  pattern  of  the  larger  .subevent  is  shown.  Sec  Figure  A I 
for  further  details. 


Fig.  A4.  Observed  P  and  SH  waveforms  from  the  earthquake  of  November  14.  1982.  compared  with  synthetic  waveforms 
generated  from  the  best  fitting  point  source  model  found  from  body  waveform  inversion.  Sec  Figure  A I  for  further  details. 
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Fig.  A5.  Observed  P  and  SH  wavefomis  from  the  earthquake  of  October  12.  1985,  compared  with  .cynthctic  waveforms  generated 
from  the  best  fitting  point  .source  model  found  from  body  waveform  inversion.  See  Figure  A 1  for  further  details. 


October  12.  1985,  St.  Paul’s  Transform  (Figure  A5} 

For  this  earthquake  we  parameterized  the  STF  as  a  horizontal 
rupture  along  the  nodal  plane  striking  at  76®.  Analysis  of 
waveform  data  indicates  a  predominantly  strike-slip  mechanism. 
The  minimum  residual  occurs  at  7-13  km  ccturoid  depth.  The  STF 
length  of  17  s  is  unusually  long  for  an  event  of  moment  4x1025 


dyn  cm,  and  the  relatively  high  level  of  low-frequency  excitation 
indicated  by  free  oscillation  amplitudes  indicates  that  this  is  a  slow 
earthquake  (T.H.  Jordan,  personal  communication.  1991).  Our 
mechanism  solution  of  76/72/174  is  in  good  agreement  with  the 
CMT  elution  of  83/75/1 79  [Diiewonski  et  ai  19866). 
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Fig.  A7.  Observed  P  and  SH  waveforms  from  the  eanhquake  of  April  20,  1988.  compared  with  synthetic  waveforms  generated 
from  the  best  fitting  point  source  model  found  from  body  waveform  inversion.  GRFO  is  a  GDSN  station.  Sec  Figure  A 1  for  further 
details. 
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Fig.  A8.  Observed  short-period  P  waveforms  from  the  earthquake  of  April 
20.  1988,  compared  with  synthetic  waveforms  generated  from  the 
mechanism  found  from  long-period  body  waveform  inversion.  All  data  arc 
from  GDSN  stations.  Sec  Figure  A I  for  further  details. 


September  20.  1986.  St.  Paul’s  Transform  (Figure  A6) 

Although  this  earthquake  is  located  along  the  trend  of  principal 
seismic  activity,  a  thrust  mechanism  (246/60/090)  is  reported  in  the 


Harvard  CMT  catalogue  [Dziewonski  ei  aL,  1987/?!.  [>espite  the 
small  moment  of  this  event,  we  were  able  to  obtain  good  P  and  SH 
coverage  of  the  focal  sphere.  The  mechanism  (227/53/50)  obtained 
from  body  waveform  inversion  contains  a  small  strike-slip 
component:  this  strike-slip  motion  is  in  the  expected  direction  for 
transform  slip  if  the  southward  dipping  nodal  plane  is  the  fault 
plane.  The  overall  fit  as  described  by  the  rms  residual  displays  a 
distinct  minimum  over  the  centroid  depth  range  12-16  km. 

April  20.  1988.  St.  Paul’s  Transform  (Figures  A7  and  A8) 

Our  reverse-faulting  solution  of  189/52/107  differs  somewhat 
from  the  CMT  solution  of  196/78/108  [Dziewonski  et  al,  19896), 
which  has  a  steeper  dip.  The  discrepancy  may  be  attributed  to  the 
poor  signal-to-noise  ratio  for  this  small  event.  The  identification  of 
the  first  pulse  is  ambiguous  in  the  long-period  P  wave  data  (Figure 
A7).  but  compressional  first  motions,  consistent  with  a  thrust 
mechanism,  are  confirmed  in  the  vertical  short-period  waveforms 
(Figure  A8).  For  the  short-period  P  wave  synthetics,  a  value  of 
0.6  s  is  taken  for  r*.  and  the  mechanism  is  that  from  long-period 
waveform  inversion.  A  centroid  depth  of  8  km  is  required  by  long- 
period  data  and  also  provides  a  good  fit  to  the  short-period  data. 
Water  reverberations  indicate  a  seafloor  depth  of  about  2.5  km. 

December  23.  1988,  St.  Paul’s  Transform  (Figure  A9) 

The  Harvard  CMT  catalogue  lists  a  reverse-faulting  mechanism 
of  245/57/094  for  this  earthquake  [Dziewonski  et  ai.  1989c]. 
Inversion  of  body  waveforms  from  WWSSN  records  indicates  a 
mechanism  of  228/56/072,  a  similarly  reverse-faulting  solution  but 
with  different  strike  and  slip  angles  from  the  CMT  solution.  Our 
preferred  centroid  depth  is  in  the  range  of  7-1 1  km,  on  the  basis  of 
both  the  residual  variance  and  the  observed  fit  to  the  waveforms. 
The  small  first  SH  arrivals  at  WES  and  BLA  provide  constraints  on 
the  strike  of  the  source  mechanism. 
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Fig.  A9.  CfescTvai  P  and  SH  wavcfonm  from  d»c  earthquake  of  December  23.  I98S.  compared  with  syndictic  waveforms  generated 
from  djc  best  fitting  point  source  model  found  from  b«ly  waveform  inversion.  Sec  Figure  A1  for  fiirtiicf  dctols. 


Fig.  AlO.  Observed  P  and  SH  wavefonm  from  the  e^bqi^e  of  September  22.  1985.  compared  with  synthetic  waveforms 
geimated  from  ^  bKt  fitting  point  source  model  found  from  body  waveform  inversion.  ZOBO  is  a  GDSN  statioa  See  Figure  A 1 
fcM*  furrier  details. 


September  9,  J9S5,  Marathon  Tnmsform  (Figure  AW} 

Our  mechanism  solution  for  this  event  is  140/54/051. 
corresponding  to  primarily  reverse  faulting  on  a  fault  oblique  or 
orthogonal  to  die  transform.  The  CMT  reverse-faulting  solution  is 
196/31/1 1 1  [DziewonsJU  et  at,  1986^].  The  polity  was  found  to 
be  reversed  on  ZOBO  (SH).  This  is  a  well- fit  shallow  event,  with 


a  centroid  depth  of  3-5  km,  as  required  by  a  minimization  of  the 
rms  residual. 

February  17,  1978,  Heezen  Transform  (Figure  AI 1 } 

Although  coverage  is  sparse  and  the  signal-to-noisc  ratio  is  low, 
the  combination  of  both  P  and  S  waveforms  suggests  a  mechanism 
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Fig.  All.  Observed  P  and  SH  waveforms  from  the  earthquake  of  February  17.  1978,  compared  with  synthetic  waveforms 
generated  from  the  best  fitting  point  source  model  found  from  body  waveform  inversion.  SNZO  is  a  GDSN  station.  See  Figure  A I 
for  further  details. 
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Fig.  A 12.  Observed  P  and  SH  waveforms  from  the  earthquake  of  May  27.  1989.  compared  with  synthetic  waveforms  generated 
from  the  best  fitting  point  source  model  found  from  body  waveform  inversion.  AFI  is  a  GDSN  station.  Sec  Figure  A1  for  further 
details. 


of  241/16/301,  which  has  a  smaller  dip  and  a  larger  strike-slip  May  27, 1989.  Tharp  Transform  (Figure  All) 
component  than  the  CMT  mechanism  of  256/34/287  [Dziewonski 

et  at,  1987c].  The  best  fitting  centroid  depth  ranges  from  8  to  14  Our  normal- faulting  solution  of  275/59/287  is  similar  to  the 
km,  but  P  wave  coverage  is  poor.  The  predicted  polarity  of  P  CMT  mechanism  of  258/57/277  [Dziewonski  et  ai,  \990b], 
wave  first  motions  is  in  agreement  with  short-period  records.  Examination  of  short-period  records  shows  that  this  event  has  a 


90 


16,2C^ 


Wolfe  et  al.;  Ukusual  oceanic  Transform  Earthquakes 


Fig.  A 13.  Observed  P  and  SH  waveform  from  U»c  earthqitaJtc  of  May  15,  1987,  compared  with  synthetic  wavefonm  generated 
from  the  best  fitting  point  source  model  fonnd  from  body  waveform  inversion.  CTAO  and  ANMO  arc  GDSN  stations.  Sec  Figure 
Al  for  further  details. 
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Fig.  A 14.  ObsCTvcd  P  and  SH  wavefonr^  from  the  CMthqiwkc  of  September  21.  1977,  compared  with  synthetic  wavefonm 
generated  from  die  b^  fitnag  point  source  model  found  from  body  waveform  inversion  See  Figure  A 1  for  further  derails. 


precursor  that  is  not  evidt^t  in  the  long-f»riod  retxirds,  although 
there  arc  high  noise  levels  on  k>ng-pcnod  re^rds  prior  to  the  onset 
of  the  /*  wave  of  tlw  main  event.  Our  best  fitting  centroid  d^th  is 
^proKimaiely  10 1cm,  but  tine  P  wave  signal-to-noisc  ratio  is  poor. 

Mary  15.  1987.  Menard  Tramfomt  (Figure  A13) 

We  find  a  normaNfauIting  mechanism  of  50/37/247,  in 
agreement  with  the  OdT  solution  of  53/37/260  [Djiewonski  et  at. 


19886].  The  dilatational  first  motions  are  confirmed  by 
examination  of  shewt -period  vertical  records.  Centroid  depth  is 
within  the  range  7-11  km,  but  the  P  wave  signal-to-noisc  ratio  is 
low. 

September  21.  1977,  Rivera  Transform  (Figure  A 14) 

We  find  a  normal-faulting  ir^hanism  of  353^5/29 1 .  The  CMT 
mechanism  is  346/72/254  [Dziewonski  et  ai,  1987^].  The 
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preferred  centroid  depth  is  4  km,  but  the  P  wave  signal-to-noise 
ralio  is  low. 
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Chapter  4 

Microearthquakes  and  Crustal  Velocity  Structure  at  29°N  on 
THE  Mid-Atlantic  Ridge:  The  architecture  of  a  Slow-Spreading 

Segment 

Abstract 

We  report  the  results  of  a  41 -day  microearthquake  experiment  conducted  along  the 
southern  half  of  a  segment  at  29°N  on  the  Mid-Atlantic  Ridge.  Hypocenters  were 
determined  for  235  microearthquakes,  with  106  of  these  resolving  focal  depths. 
Microearthquakes  clustered  in  three  separate  along-axis  regions:  (1)  the  southern  distal  end 
near  28°55’N,  (2)  the  central  along-axis  topographic  high  near  29°1 1’N,  slightly  north  of 
the  Broken  Spur  hydrothermal  vent  field,  and  (3)  a  region  midway  between,  beneath  an 
along-axis  volcano  near  29°02’N.  The  greatest  number  of  microearthquakes  were  recorded 
in  a  diffuse  zone  off-axis  at  the  inside  corner  on  a  non-transform  offset,  which  is  likely  an 
area  of  complex  deformation.  At  the  segment  end  near  28°55’N,  fault-plane  solutions 
indicate  high-angle  normal  faulting  consistent  with  lithospheric  stretching.  Two- 
dimensional  (2-D)  and  three-dimensional  (3-D)  delay  time  tomography  has  been  applied  to 
travel  times  from  shots  along  an  axial  refraction  line;  inversion  solutions  indicate  that  the 
velocity  structure  in  the  lower  crust  is  heterogeneous,  with  higher  velocities  and  thin  crust 
occurring  near  the  segment  end,  and  lower  velocities  and  a  thickened  layer  3  occurring 
towards  the  central  bathymetric  high.  The  thickness  of  the  lower  crust  at  the  segment  end 
is  asymmetric  across  axis,  with  lesser  thickness  beneath  the  inside  comer.  The 
microearthquake  characteristics  show  complexities  not  explained  by  a  spreading  cell  model. 
Along  axis,  well-resolved  focal  depths  determined  with  a  3-D  velocity  model  range  from  3 
to  6  km  beneath  the  seafloor  and  do  not  shallow  from  the  segment  end  to  the  segment 
center.  The  significant  seismicity  at  the  segment  center  is  likely  associated  with  volcanic 
and  hydrothermal  processes  at  the  axial  volcanic  ridge  (the  largest  microearthquake  is 
located  4  km  beneath  Broken  Spur).  Microearthquakes  with  anomalous  focal  mechanisms 
beneath  an  along-axis  volcano  may  be  the  result  of  stresses  related  to  magma  migration  or 
cooling.  The  microearthquakes  in  this  study  have  rupture  lengths  on  the  order  of  only  100 
m  and  therefore  are  sensitive  to  small-scale  variations  in  the  influence  of  recent  magmatism 
and  hydrothermal  circulation.  The  characteristics  of  large  (mb  >  4.5)  earthquakes  on  the 
MAR,  in  contrast,  may  behave  more  nearly  in  accordance  with  a  spreading  cell  model 
because  of  larger  rupture  lengths,  on  the  order  of  10  km,  that  sample  structure  on  the 
segment  scale. 
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Introduction 


Accretion  at  mid-ocean  ridges  is  a  three-dimensional,  temporally  varying  process  that 
reflects  the  balance  between  magmatism  and  tectonism.  Mid-ocean  ridges  are  divided  into 
distinct  segments  separated  by  axial  discontinuities;  current  models  suggest  that  this 
segmentation  is  the  result  of  focused  magmatic  centers,  spaced  one  per  segment,  along  axis 
[e.g.,  Francheteau  and  Ballard,  1983;  Whitehead  et  al.,  1984;  Schouten  et  al.,  1985; 
Macdonald  et  al.,  1988;  Sempere  et  al.,  1990;  Lin  et  al.,  1990].  According  to  these 
spreading-cell  models,  the  along-axis  bathymetric  highs  at  segment  centers  are  the  locus  of 
hot  ascending  melt,  whereas  the  deep  distal  ends  of  segments  are  cooler  areas  of  lesser  melt 
supply.  The  implied  thermal  structure  predicts  a  systematic  variation  in  the  mechanical 
strength  of  the  lithosphere  and  depth  of  faulting  [Harper,  1985;  Sempere  et  al.,  1990; 

Shaw,  1992;  Shaw  and  Lin,  1993].  At  cooler  distal  ends  of  segments  where  the 
mechanical  lithosphere  is  relatively  strong,  according  to  this  model,  extension  is  dominant 
and  faulting  extends  to  greater  depths  due  to  the  greater  thickness  of  the  brittle  layer,  while 
faulting  is  shallower  and  magmatism  more  predominant  at  the  hot,  weak  segment  centers. 

Temporal  variation  in  melt  supply  is  suggested  by  the  considerable  morphological 
diversity  among  ridge  segments  on  the  Mid- Atlantic  Ridge  (MAR)  [Sempere  et  al.,  1990]. 
Differences  among  the  mantle  Bouguer  anomaly  (MBA)  bull's  eye  lows  typically  found  at 
segment  centers  [Kuo  and  Forsyth,  1988;  Lin  et  al.,  1990;  Morris  and  Detrick,  1990; 
Blackman  and  Forsyth,  1991;  Detrick  et  al.,  1994]  also  imply  episodicity,  since  MBA  lows 
within  segments  most  likely  reflect  greater  crustal  thickness  from  increased  melt  supply 
[Tolstoy  et  al.,  1993].  However,  little  is  known  in  detail  about  the  emplacement  of  magma 
and  cooling  of  the  crust,  although  recent  models  have  shown  that  the  interplay  between 
these  processes  can  have  an  important  influence  on  ridge-axis  morphology  and  crustal 
structure  [e.g.,  Henstock  et  al.,  1993;  Neumann  and  Forsyth,  1993;  Phipps  Morgan  and 
Chen,  1993]. 

Earthquake  studies  provide  direct  infomiation  on  the  depth  distribution,  mechanism,  and 
moment  release  of  seismic  faulting  at  mid-ocean  ridges,  and  are  thus  important  to  the 
understanding  of  the  active  tectonics  of  ridge  segments  and  for  constraining  the  mechanical 
structure  of  the  lithosphere,  which  is  primarily  dependent  on  temperature  and  rheology. 
Previously,  only  two  well-constrained  microearthquake  experiments  on  the  MAR  have 
been  conducted,  one  at  an  along-axis  deep  at  23°N  [Toomey  et  al.,  1985,  1988]  on  a 
segment  with  no  MBA  low  [Morris  and  Detrick,  1990]  and  one  at  an  along-axis  high  near 
the  TAG  hydrothermal  field  at  26'^N  [Kong  et  al.,  1992],  where  an  MBA  low  is  observed 
(J.  Lin,  personal  communication,  1994).  The  results  of  these  two  experiments  are 
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supportive  of  the  spreading  cell  model.  The  survey  at  23°N  reported  microearthquake 
mechanisms  and  locations  consistent  with  brittle  extension  of  relatively  cool  lithosphere  at  a 
segment  end.  At  26°N,  median  valley  microearthquakes  at  the  along-axis  high  at  the 
segment  center  occurred  at  shallower  depths  (many  less  than  4  km)  than  at  the  along  axis 
deep  at  the  segment  end  (focal  depths  of  4  to  8  km).  Also  a  low-velocity  zone  beneath  the 
along-axis  high  may  indicate  a  site  of  recent  magmaric  injection. 

In  the  fall  of  1992,  experiments  were  conducted  along  segments  at  29°N  and  35°N  on 
the  Mid-Atlantic  Ridge  to  investigate  further  the  relationship  of  earthquake  and  seismic 
structural  characteristics  to  spreading  processes.  In  the  following  sections,  we  describe  the 
microearthquake  characteristics  and  crustal  velocity  structure  along  the  segment  at  29°N. 
Tomographic  images  of  crustal  P  wave  velocity  demonstrate  that  the  lower  crust  is  thin  at 
the  segment  end  and  thickens  towards  the  segment  center,  in  a  manner  consistent  with  a 
spreading-cell  model  and  similar  to  the  along-axis  velocity  structure  reported  by  Tolstoy  et 
al.  [1993]  for  a  segment  on  the  southern  MAR.  The  microearthquake  locations  and 
mechanisms,  however,  are  not  consistent  with  this  simple  model;  we  argue  that  they 
instead  reflect  spatial  and  temporal  variations  in  magmatic  injection,  hydrothermal  activity, 
or  thermal  stresses. 


The  Mid-Atlantic  Ridge  at  29°N 

The  microearthquake  experiment  was  carried  out  at  the  central  and  southern  portion  of  a 
segment  at  29°10’N  on  the  Mid-Atlanric  Ridge  (MAR)  (Figures  1  and  2).  This  60-km  long 
ridge  segment  has  been  previously  studied  by  means  of  multibeam  bathymetry  [Sempere  et 
al.,  1990;  Shaw,  1992;  Sempere  et  al.,  1993],  gravity  and  magnetics  [Lin  et  al.,  1990; 
Escartin  and  Lin,  1993],  and  deep-towed  side-scan  sonar  [e.g..  Smith  and  Cann,  1993]. 

Bathymetry  and  gravity  data  at  29°N  are  consistent  with  enhanced  magmatism  at  the 
segment  center.  The  segment  has  an  hourglass  shape  (Figure  1),  with  a  narrow,  shallow 
median  valley  at  the  central  area  near  29°1()’N  and  a  wide,  deep  median  valley  at  the 
northern  and  southern  terminations.  An  axial  volcanic  ridge  (AVR)  extends  from  the 
southern  deep  to  the  central  bathymetric  high,  terminating  where  it  intersects  the  western 
median  valley  wall.  A  large  mantle  Bouguer  anomaly  (MBA)  low  occurs  in  the  center  of 
the  segment,  consistent  with  about  a  3  km  increase  in  crustal  thickness  relative  to  the 
segment  ends  [Lin  et  al.,  1990].  There  is  a  characteristic  pattern  of  seafloor  faults  at  this 
and  other  segments  with  well-developed  MBA  lows:  closely  spaced  small-throw  faults 
occur  at  the  segment  center,  while  at  the  ends  more  widely  spaced,  larger-throw  faults 
predominate  [Shaw,  1992;  Shaw  and  Lin,  1993].  This  pattern  suggests  that  localized 
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extension  at  large-throw  faults  contributes  to  crustal  thinning  at  segment  ends,  while  at  the 
more  magmatic  segment  center  the  thinner  lithosphere  does  not  allow  the  sustained  growth 
of  large-throw  faults  [5/ww  and  Lin,  1993].  At  the  inside  corners  the  MBA  is  more 
positive,  and  the  crust  probably  thinner,  than  that  at  the  outside  corners,  as  is  typical  for 
segments  on  the  MAR  [Escartin  and  Lin,  1993].  Note  that  no  large,  teleseismically- 
recorded  earthquakes  occurred  at  the  segment  center  during  the  period  January  1964  to 
June  1993,  but  a  few  have  occurred  near  the  southern  terminus  during  that  interval  (Figure 
1). 

Some  four  months  following  our  survey.  Broken  Spur  hydrothermal  vent  field  was 
discovered  at  the  segment  center  (29°  10.15’N)  on  the  crest  of  the  axial  volcanic  ridge 
[Elderfield  et  ai,  1993;  Murton  et  al,  1993].  The  lateral  extent  of  the  vent  field  is  as  yet 
uncertain. 

To  the  south,  at  28°50’N,  is  a  shorter  (~20  km  long)  segment  that  has  a  wide,  deep 
median  valley  and  no  large  mantle  Bouguer  anomaly.  Several  large  teleseismically- 
recorded  earthquakes  (mb  >  4.5)  have  occurred  at  the  western  edge  and  northern  boundary 
of  this  presumably  less  magmatic  segment  (Figure  1). 

THE  Seismic  Experiment 

The  seafloor  seismic  network  consisted  of  1 5  Office  of  Naval  Research  (ONR)  Ocean 
Bottom  Seismometer  (OBS)  instruments  [Jacobson  et  ai,  1991]  and  had  an  along-axis 
aperture  of  35  km  (Figure  2).  The  network  was  deployed  in  August  1992  and  recorded 
data  over  41  days.  The  OBSs  operated  4  channels  (hydrophone,  and  a  vertical  and  two 
horizontal  seismometers)  and  recorded  digitally  in  event-detect  mode,  triggering  off  the 
hydrophone  the  first  25  days  and  off  the  vertical  seismometer  channel  the  last  16  days. 

Data  acquisition  software  contained  a  “lockout,”  which  permitted  no  more  than  35  triggers 
to  be  recorded  within  a  four-hour  period  to  prevent  the  filling  up  of  the  data  disks  by 
spurious  triggers  and  to  ensure  that  the  recorded  events  would  be  distributed  throughout  the 
experiment. 

A  substantial  quantity  of  data  was  recorded,  although  not  all  OBSs  were  completely 
functional  [Unpublished  R/V  Ewing  Cruise  Report,  EW9210,  1992].  Nine  instruments 
recorded  data  throughout  most  of  the  experiment.  Three  instruments  returned  partial  data: 
OBS  60  recorded  one  day  of  earthquake  data;  and  OBSs  53  and  55  primarily  provided  shot 
data  from  the  first  3  days  of  recording.  (OBS  55  failed  to  lift  off  from  the  ocean  bottom 
following  release  of  its  anchor  because  the  anchor  was  wedged  by  volcanic  rock.  The 
instrument  was  dislodged  from  the  seafloor  during  an  ALVIN  dive  six  months  later.)  No 
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useful  data  were  recorded  on  three  other  OBSs.  In  addition,  several  seismometers  did  not 
function  because  the  sensor  was  tilted  more  than  -15°.  For  these  OBSs  useful  hydrophone 
data  were  still  recorded,  but  were  of  variable  quality.  Examples  of  good  seismometer  and 
hydrophone  data  are  shown  in  Figure  3.  S  wave  records  were  primarily  restricted  to  OBSs 
59,  63,  56,  54,  and  61.  The  rough  median  valley  topography  resulted  in  seismometer 
coupling  problems,  which  were  most  severe  at  OBS  61,  but  clear  P  and  S  arrivals  could 
often  be  picked  (Figure  3). 

Earthquake  activity  at  the  ridge  segment  was  high  (-200  events  per  day).  Fully 
operational  instruments  continually  reached  the  35-trigger  “lockout”  limit,  with  small 
earthquakes  (moments  less  than  10^^  to  10^^  dyn  cm)  constituting  the  majority  of  events. 
Triggers  were  also  caused  by  microseisms,  electronic  noise,  and  earthquake  codas.  A 
smaller  subset  of  earthquakes,  about  20  per  day  during  hydrophone  event-detect  and  35  per 
day  during  vertical-seismometer  event-detect,  were  large  enough  to  trigger  simultaneously 
four  or  more  OBSs  (Figure  4),  of  which  10  to  20%  yielded  sufficient  P  and  S  wave  first 
arrival  times  to  be  locatable.  The  majority  of  these  earthquakes  were  recorded  during 
hydrophone  event-detect,  since  during  vertical  event-detect  the  instmment  “lockout”  was 
saturated  by  S  wave  triggers  of  small,  unbeatable  earthquakes. 

Twenty-six  6-lb.  ranging  shots  were  detonated,  and  an  axial  refraction  line  was  shot 
with  forty  60-Ib.  charges  at  1-km  spacing  (Figure  2).  Travel  times  of  water-wave  arrivals 
from  the  explosive  shots,  picked  from  the  hydrophone  or  vertical  seismometer,  were  used 
to  relocate  1 1  instruments  by  the  method  of  Creager  and  Dorman  [1982],  as  adapted  for 
microearthquake  networks  by  Toomey  et  al.  [1985].  Initial  positions  from  the  Global 
Positioning  System  (GPS)  were  used  for  shots  and  OBSs,  and  initial  OBS  depths  at  drop 
locations  were  from  the  Sea  Beam  bathymetry  of  Purdy  et  al.  [1990].  The  water  velocity 
profile  was  taken  from  Crouch  and  Osborne  [1981].  A  total  of  340  observations  (206 
travel  times,  41  GPS  shot  positions  and  shot  origin  times,  and  1 1  instrument  depths)  were 
used  to  estimate  156  parameters  (11  instmment  positions  and  depths,  41  horizontal  shot 
positions  and  origin  times).  The  relocation  was  performed,  and  Sea  Beam  depths  for  the 
relocated  OBS  positions  were  then  taken  as  input  for  another  relocation.  The  final  average 
change  for  OBS  positions  from  the  initial  estimate  was  150  m,  for  shot  positions  100  m, 
and  for  shot  origin  time  about  2  ms.  Resulting  solutions  for  OBS  depths  were  each  within 
25  m  of  Seabeam  depths.  The  root-mean-square  (rms)  travel  time  residual  after  relocation 
was  about  8  ms.  Given  the  relocated  OBS  positions,  most  remaining  shots  were 
individually  relocated  from  water-wave  data. 
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Hypocentral  Location 

Microearthquakes  recorded  on  4  or  more  OBSs  were  located  using  HYPOINVERSE 
[Klein,  1978],  an  algorithm  for  solving  the  nonlinear  problem  for  earthquake  hypocenter 
and  origin  time  by  linear  approximation  and  iteration  until  convergence.  Using  singular 
value  decomposition,  the  algorithm  calculates  the  generalized  inverse  of  the  travel  time 
partial  derivative  matrix  with  respect  to  solution  parameters  (latitude,  longitude,  origin  time, 
and  depth).  The  method  allows  calculation  of  the  covariance  matrix,  used  to  derive  error 
estimates  for  the  linearized  problem.  Picks  are  weighted  according  to  the  quality  of 
observations.  Step-length  damping  stabilizes  the  iterative  process,  and  an  eigenvalue  cutoff 
is  specified  to  prevent  solution  changes  in  poorly  constrained  directions.  A  homogeneous 
velocity  model  and  initial  hypocenters  are  assumed. 

Arrival  Time  Data 

Instrument  clocks  were  corrected  assuming  linear  drift  rates,  ranging  from  0.5  ms  to  3 
ms  per  day.  No  drift  rate  correction  was  made  for  OBS  55.  P  and  S  wave  arrival  times 
were  assigned  errors  of  10,  20,  40,  and  80  ms,  and  corresponding  weights  in  the  location 
procedure  of  1,  0.75,  0.5,  and  0.25,  respectively.  The  first  onset  of  most  P  waves  could 
be  read  to  within  about  20  ms;  eixors  in  S  wave  arrivals  read  off  the  horizontal  channels 
were  estimated  to  be  higher,  40  to  80  ms.  S  wave  data  were  further  downweighted  by  a 
factor  of  0.75  to  account  for  the  higher  uncertainty  of  S  wave  picks  due  to  poor  coupling  of 
seismometers  (Figure  3).  Arrivals  with  large  residuals  (0.5  s)  were  not  used. 

The  OBSs  were  initially  referenced  to  a  common  datum  of  3220  m  below  sea  level  by 
calculating  station  delays  under  the  assumption  of  a  uniform  crustal  velocity  of  6.5  km/s. 
Final  station  delays  were  determined  iteratively  from  23  well-located  events  by  reducing  the 
mean  travel  time  residual  to  zero  at  each  instrument.  This  method  takes  into  account  crustal 
heterogeneities  beneath  receivers  as  well  as  errors  in  instrument  depth.  Epicenters  obtained 
with  the  final  station  delays  were  shifted  by  1  km  on  average  and  reduced  the  total  rms 
residual  by  20%  compared  with  solutions  using  initial  station  delays.  The  relocated 
instrument  positions  and  station  delays  are  given  in  Table  1. 

Location  Parameters 

We  adopt  a  layered,  one-dimensional  ( 1  -D)  P  wave  velocity  structure  based  on  the 
model  Purdy  and  Detrick  [1986]  obtained  from  a  refraction  study  of  the  MAR  at  23°N 
(Figure  5).  This  velocity  model  has  been  used  in  previous  microearthquake  studies 
[Toomey  et  al,  1985,  1988;  Kong  et  al,  1992]  and  therefore  facilitates  comparison  of 
results.  Examination  of  travel  times  and  waveforms  from  the  along-axis  refraction  line, 
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however,  indicates  significant  lateral  heterogeneity  in  crustal  structure,  as  has  also  been 
found  at  the  MAR  at  26°N  [Kong  et  ai,  1992],  An  assigned  Vp/V^  ratio  of  1.8  is  used  to 
convert  P  wave  velocities  to  S  wave  velocities.  V^/V^ ratios  of  1.80  to  1.83  (Figure  6)  are 
estimated  applying  the  method  of  Francis  [1976]  to  three  OBS  pairs  (the  distribution  of  data 
for  other  OBS  pairs  was  significantly  poorer). 

The  starting  solution  was  a  trial  epicenter  located  at  the  nearest  station,  with  an  initial 
origin  time  2  s  prior  to  the  earliest  arrival  time  and  an  initial  depth  of  5  km  beneath  datum. 
For  events  with  poor  depth  control,  such  as  events  located  more  than  about  one  focal  depth 
away  from  the  nearest  recording  station  [Lilwall  and  Francis,  1978;  Duschenes  et  ah, 

1983],  focal  depths  were  fixed  at  5  km. 

Formal  errors  are  calculated  with  a  user-specified  HYPOINVERSE  “picking  error,” 
which  is  the  square  root  of  the  arrival  time  data  variance  and  reflects  uncertainties  in  arrival 
time  picks,  instrument  locations,  clock  drifts,  and  the  assigned  velocity  model.  An  a  priori 
“picking  error”  of  50  ms  was  used.  Following  Wilcock  and  Toomey  [1991],  the  a 
posteriori  values  were  calculated  as  50  ms  for  all  earthquakes,  and  as  40  ms  for 
earthquakes  with  resolved  focal  depth. 

HYPOINVERSE  Solutions 

Hypocenters  were  detemrined  for  235  earthquakes;  for  122  events  focal  depths  can  be 
resolved  (Figure  7  and  Table  2).  The  95%  confidence  intervals  in  Table  2  are  calculated  by 
multiplying  the  HYPOINVERSE  l-o  vertical  error  by  1.96  (for  a  system  with  one  degree 
of  freedom)  and  the  l-o  horizontal  error  by  2.45  (for  a  system  with  two  degrees  of 
freedom).  The  locations  of  173  earthquakes  were  constrained  by  at  least  one  S  wave 
arrival;  of  these  106  have  resolvable  focal  depths.  Previous  studies  [Duschenes  et  al., 

1983;  Wilcock  and  Toomey,  1991]  have  shown  that  the  inclusion  of  S  wave  information 
significantly  improves  hypocentral  resolution  and  also  reduces  the  effects  of  nonlinearities 
on  the  estimated  errors. 

To  evaluate  the  influence  of  the  assumed  1-D  velocity  structure,  we  also  located  all 
events  using  the  velocity  model  derived  for  the  Mid-Atlantic  Ridge  at  37°N  by  Fowler 
[1976].  This  model  has  a  thinner  crust  and  lower  upper  mantle  velocities  than  the  Purdy 
and  Detrick  [1986]  model  (Figure  5).  For  60%  of  the  events,  the  hypocentral  changes  are 
less  than  the  95%  confidence  limits.  Almost  all  events  with  hypocentral  changes  greater 
than  this  amount  occur  outside  the  network.  For  well-recorded  events  within  or  close  to 
the  network,  the  choice  of  1-D  velocity  model  does  not  have  a  significant  affect  on 
hypocenter  locations.  Furthermore,  we  have  made  a  close  examination  of  the  distribution 
of  earthquake  epicenters  and  focal  depths  detemiined  with  Fowler’s  [1976]  velocity 
model,  and  find  that  the  conclusions  stated  in  the  following  section  remain  valid.  Later,  we 
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will  reevaluate  the  resolution  of  hypocentral  parameters  using  an  improved  three- 
dimensional  velocity  model. 

Earthquake  Characteristics 


Hypocenters 

The  seismic  activity  recorded  over  the  41  -day  experiment  period  is  shown  in  Figures  7- 
10.  Figures  1 1  and  12  display  the  depth  distribution  of  microearthquakes.  Events 
clustered  into  three  separate  along-axis  regions:  (1)  the  southern  deep  near  28°55’N,  (2) 
the  central  high  near  29°1 1  ’N,  at  the  Broken  Spur  hydrothermal  vent  field  and  slightly  to 
the  north,  and  (3)  a  region  midway  between  these  two  near  29°02’N.  Significant  off-axis 
activity  also  occurred  at  the  southern  end  of  the  segment  at  the  inside  comer  of  a  non¬ 
transform  offset.  Earthquake  depths  ranged  between  3  and  8  km  beneath  the  seafloor.  We 
do  not  find  a  shoaling  of  focal  depths  progi'essing  along-axis  from  the  southern  deep 
toward  the  central  high  (Figure  1 1),  as  ob.served  at  26°N  [Kong  et  ai,  1992].  To  confirm 
this  result,  we  also  examine  the  depth  distribution  of  a  high  quality  subset  of  hypocenters 
located  with  data  from  5  or  more  OBSs  (Figures  13  and  14).  While  in  each  area  the  depth 
extent  of  seismic  faulting  is  confined  to  a  more  limited,  and  shallower,  region,  the 
conclusion  that  focal  depths  do  not  shoal  toward  the  central  high  also  holds  for  this  more 
restricted  data  set  (Figure  13). 

The  southern  deep  near  28  °55’N.  32  events  occurred  beneath  the  inner  floor  near 
28°55’N  (Figure  8).  The  majority  of  the  seismicity  extended  over  a  limited  area  10-km 
across  axis  by  5  km  along  axis  near  the  southern  termination  of  the  AVR.  Focal  depths  of 
all  events  range  from  4  to  7  km  below  datum.  Events  were  located  both  beneath  the  AVR 
and  the  two  basins  on  either  side  (Figure  8). 

The  along-axis  high  near  29°10’ .  Significant  seismic  activity  (55  events)  occurred  at  the 
segment  center.  Most  events  were  restricted  to  a  narrow  (~2  km  across  axis)  and  long  (~6 
km  along  axis)  band  of  activity  to  the  north  of  the  network,  near  the  region  where  the  axial 
valley  ridge  intersects  the  western  valley  wall  (Figure  9).  The  hypocenters  lie  beneath  the 
eastern  edge  of  the  AVR  and  near  Broken  Spur  hydrothermal  vent  field.  The  largest  event 
during  the  experiment  occurred  almost  directly  beneath  Broken  Spur  (Table  2).  The  focal 
depths  are  mostly  3  to  7  km. 

The  inner  floor  at  29°02’ .  During  the  experiment  period,  no  activity  was  recorded 
between  the  southern  deep  and  the  along-axis  high  (Figure  7),  except  for  a  very  small 
subset  of  13  microearthquakes  near  29°02’  located  beneath  a  volcano  on  the  axial  valley 
ridge  (Figure  8).  All  but  one  occurred  during  a  24-hour  period  and  with  epicenters 
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confined  to  a  1  by  1  km  area.  Most  focal  depths  are  6  to  8  km  below  datum.  On  individual 
instruments,  the  waveforms  of  several  earthquakes  are  well  correlated,  indicating  a  similar 
mechanism  and  location. 

The  inside  corner  region.  The  largest  number  of  microearthquakes  (95)  were  located  off 
axis  in  a  diffuse  zone  of  activity,  about  15  km  by  15  km  in  area,  at  the  southwestern  inside 
comer  (Figures  7  and  10).  The  bathymetry  in  this  region  is  also  complex:  a  ridge-parallel 
basin  partially  separates  the  high  inside  corner  from  the  median  valley  floor.  Relative  to  the 
seafloor,  focal  depths  off-axis  are  similar  to  focal  depths  beneath  the  southern  deep  (Figure 
12). 

The  segment  at  28°50’N.  32  events  were  located  in  this  southern  segment,  none  with 
focal  depth  resolved  (Figure  7). 

Focal  Mechanisms 

First  motion  data  were  used  to  constrain  focal  mechanisms,  presumed  to  be  double¬ 
couples.  The  polarities  on  OBS  records  were  determined  from  the  water  wave  arrivals  of 
the  closest  shots.  The  azimuths  and  takeoff-angles  were  from  HYPOINVERSE  solutions. 
Plots  of  first  motion  data  on  an  equal  area  projection  of  the  lower  focal  hemisphere  were 
initially  made  for  all  events  with  resolved  focal  depth.  Well-recorded  events  were  then 
sorted  into  groups  with  similar  focal  mechanisms  and  locations.  Polarities  were 
reevaluated  by  checking  the  seismograms  of  these  events.  Because  much  of  the  earthquake 
activity  is  distributed  outside  the  network  and  the  OBS  stations  are  widely  spaced,  we 
obtained  a  well-constrained  focal  mechanism  only  for  events  in  the  southern  deep.  At  this 
locale,  a  composite  solution  shows  normal  faulting  on  planes  having  strikes  slightly  rotated 
(-20°)  from  the  axis-parallel  direction  (Figures  15a  and  16),  as  identified  by  the  large  scale 
trend  of  the  median  valley  walls.  Limited  information  is  available  for  earthquake 
mechanisms  at  29°02’.  Polarities  can  be  satisfied  by  two  types  of  mechanisms.  One 
mechanism  involves  predominantly  reverse  faulting  along  axis-parallel  planes  (Figure  15b). 
The  second  mechanism  involves  either  normal  faulting  on  a  ridge-perpendicular  plane  or 
left-lateral  strike-slip  faulting  on  a  low-angle,  ridge-parallel  plane  (Figure  15c).  No  reliable 
information  is  available  for  mechanisms  at  the  segment  center.  Polarities  for  two 
microearthquakes  located  at  the  northern  edge  of  the  network  are  shown  in  Figure  15d  and 
15e.  The  small  number  of  data  and  limited  coverage  are  not  sufficient  to  determine  a 
mechanism. 

Seismic  Moments  and  Source  Dimensions 

Using  the  theory  of  Brune  [1970],  the  moments  (Mq)  of  located  microearthquakes  were 
estimated  from  the  low-frequency  displacement  spectra  of  P  and  S  waves,  calculated  by 
means  of  standard  procedures  [Trehu  and  Solomon,  1983;  Toomey  et  ai,  1988].  Because 
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most  earthquake  mechanisms  are  poorly  constrained,  the  earthquake  moments  in  Table  2 
are  an  average  of  values  calculated  on  several  OBSs.  Moments  range  from  10^^  to  lO^® 
dyn  cm  (Table  2).  The  largest  earthquake  (Mq^IxIO^O  dyn  cm)  occurred  in  the  segment 
center  directly  beneath  Broken  Spur  hydrothermal  vent  field.  Since  the  summed  moment 
release  is  dominated  by  larger  earthquakes,  over  the  experiment  interval  the  segment  center 
was  the  area  of  greatest  seismic  moment  release  (the  total  moment  release  by  region  was  as 
follows:  3.7x10^®  dyn  cm,  bathymetric  high;  2.2x10^®,  inside  comer;  1.8x10^®,  28°50’N 
segment;  1.5x10^^,  southern  deep;  9x10^^,  29°02’).  Comer  frequencies  ranged  from  9  to 
25  Hz,  indicating  fault  radii  of  50  to  1(X3  m.  The  distribution  of  events  by  seismic  moment 
is  often  plotted  as  the  cumulative  number  N  of  earthquakes  greater  than  Mq  versus  M©.  A 
B  value  is  the  slope  of  a  line  logioN(Mo)=A-Blogio(Mo)  that  best  fits  the  data.  The  B 
value  of  all  events  is  0.82±0.05  (Figure  17). 

Shot  Tomography 

Inversions  for  P  Wave  Velocity  Structure 

We  have  performed  a  series  of  two-dimensional  (2-D)  and  three-dimensional  (3-D) 
tomographic  inversions  using  P  wave  first  arrivals  from  43  well-located  shots  (Figure  18). 
A  new  tomographic  method  [Toomey  et  al,  1994]  was  used,  which  employs  an  accurate 
three-dimensional  ray  tracer  [Moser,  1991]  and  incorporates  smoothing  constraints  to 
stabilize  the  inversion  (see  Appendix).  The  initial  velocity  model  consists  of  a  three- 
dimensional  grid  of  finely  spaced  nodes  (250  m  in  horizontal  and  vertical  directions)  that 
conforms  to  bathymetry  by  shearing  nodes  in  the  vertical  direction.  The  inversion  solves 
for  perturbations  to  a  more  coarsely-spaced  model.  Horizontal  and  vertical  smoothing 
parameters,  Xh  Ay,  determine  the  weighting  of  smoothness  constraints.  Decay 
parameters  {Xx,  Xy,  x^)  are  assigned  to  fix  the  length  scales  of  smoothing,  where  the 
coordinates  x,  y,  and  z  denote  across  axis  (positive  east),  along  axis  (positive  north),  and 
down..  The  tomographic  inversion  weights  individual  travel  times  by  an  estimated  error. 

P  wave  arrival  times  are  assigned  errors  of  1 0,  20,  40,  and  80  ms,  depending  on  the 
clarity  of  the  first  arrival;  the  first  onset  of  most  P  waves  could  be  generally  be  read  to 
within  about  20  ms.  Not  all  shots  were  recorded  on  individual  OBSs,  because  instruments 
were  saturated  with  triggers  from  shot  and  earthquake  events  and  continually  reached  the 
35-trigger  “lockout”  limit.  Because  the  spacing  of  OBS  receivers  is  irregular  and  all  shots 
were  on  axis,  the  ray  coverage  varies  substantially  throughout  the  model.  For  all 
inversions  we  therefore  examine  the  spatially-averaged  derivative  weight  sum  (DWS)  [c.f. 
Toomey  et  al.,  1994],  which  provides  a  measure  of  the  ray  density  in  the  perturbational 
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velocity  model  and  indicates  where  the  velocity  solution  is  well  constrained.  Within  the 
network,  the  crustal  structure  on  axis  is  well  sampled,  but  ray  coverage  decreases  farther 
off  axis. 

Two-dimensional  inversions  for  along-axis  velocity  stmcture  were  conducted  using  6 
instruments  (OBSs  58,  59,  57,  56, 55,  and  54)  located  near  the  center  of  the  axial  valley 
(Figure  18).  Two  instruments  in  the  southeastern  axial  valley,  OBSs  63  and  53,  were  not 
included,  because  travel  times  at  these  instruments  were  early  compared  with  those  at  OBSs 
57  and  59  at  similar  positions  along-axis,  indicating  that  structure  varies  off-axis  to  the 
southeast.  This  interpretation  is  consistent  with  results  of  subsequent  3-D  solutions. 

A  2-D  solution  using  the  Toomey  et  al.  [1994]  method  is  shown  in  Figure  19a.  The 
inversion  solves  for  perturbations  at  nodes  spaced  3  km  along  axis  (t^=3.  1  km  and 
A;i=100)  and  1  km  in  the  vertical  direction  (Tz=1. 1  and  /lv=100).  The  initial  rms  misfit  is 
97  ms  for  a  Purdy  and  Detrick  [1986]  starting  velocity  model,  and  the  final  rms  misfit  is  56 
ms  (66%  variance  reduction).  The  DWS  is  plotted  in  Figure  19b.  Shallow  structure  (<5 
km)  is  constrained  between  -10  and  25  km  along  axis  (Figure  19b);  deeper  structure  (5  to  7 
km)  is  resolved  only  between  -5  to  20  km. 

For  comparison,  the  velocity  structure  derived  using  the  Thurber  [1981,  1983] 
tomographic  method,  which  uses  an  approximate  3-D  ray  tracer  and  no  inversion 
constraints,  is  shown  in  Figure  20.  Velocity  nodes  are  at  200,  -10,  0,  10,  20,  and  200  km 
in  the  horizontal  direction,  and  -50,  0,  1,3,  5,  and  50  km  in  the  vertical.  Node  spacing  is 
chosen  to  obtain  generally  good  resolution  values  (~0.7),  defined  by  the  diagonal  elements 
of  the  resolution  matrix  [Wiggins,  1972];  velocities  between  nodes  are  derived  by  linear 
interpolation.  The  initial  rms  misfit  is  100  ms  for  a  starting  velocity  model  derived  from  a 
1-D  inversion,  and  the  final  rms  is  65  ms.  As  with  the  2-D  inversions  with  the  method  of 
Toomey  et  al.  [  1994],  higher  velocities  are  indicated  for  the  lower  crust  toward  the  segment 
end. 

The  results  of  a  3-D  inversion,  conducted  using  arrival  times  from  all  1 1  instruments, 
are  shown  in  Figure  21.  The  method  of  Toomey  et  al.  [1994]  was  used,  because  the 
technique  of  Thurber  [1981, 1983]  cannot  accurately  model  the  steep  bathymetric  relief. 

The  parameters  are  similar  to  the  2-D  inversion,  but  also  include  nodes  spaced  at  2  km 
across  axis  (T;t:=2.1  km).  The  initial  rms  misfit  is  1 15  ms,  and  the  final  rms  misfit  is  32  ms 
(92%  variance  reduction).  The  lower  crustal  structure  is  now  asymmetric  across  axis,  with 
higher  velocities  toward  the  inside  comer  (x=l  km)  than  toward  the  outside  comer  (x=-l 
km).  A  volume  of  anomalously  high  velocities  in  the  lower  crust  occurs  to  the  east  (x=3 
and  5  km)  near  the  point  15  km  along  axis,  explaining  the  generally  fast  travel  times 
recorded  at  OBSs  53  and  63.  Plots  of  the  derivative  weight  sum  (Figure  21b)  show  that 
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there  is  little  resolution  of  structure  off  axis  at  x=-7,-5,  and  7  km.  Velocities  appropriate  to 
mantle  material  (8  km/s)  are  well-resolved  only  near  x=- 1  and  -3  km,  y=0  km. 

Resolution  of  the  3-D  Model 

Following  Toomey  et  al.  [1994],  we  evaluate  model  resolution  by  reconstructing  a 
known  pattern  of  anomalies  using  the  initial  ray  set  in  the  tomographic  inversion.  Figure 
21c  shows  that  we  image  three  areas  of  major  perturbations:  (1)  high-velocity 
perturbations  at  the  segment  end  (y=-10  to  0  km),  (2)  low-velocity  perturbations  toward  the 
segment  center  (y=10  to  20  km,  z  >  6  km),  and  (3)  high-velocity  perturbations  to  the  east 
(x=3  to  7  km).  In  this  section,  we  evaluate  model  resolution  in  these  areas  by  conducting 
inversions  for  synthetic  models.  In  all  cases,  anomalies  are  taken  as  a  horizontal  cylander 
of  rectangular  cross  section  (extending  infinitely  in  either  the  x  or  y  direction)  with  velocity 
of  7  km/s  imbedded  within  an  otherwise  homogeneous  6  km/s  medium,  and  the  inversion 
solves  for  the  perturbations  to  a  homogeneous  6  km/s  starting  model. 

(1 )  Resolution  of  high-velocity  perturbations  at  the  segment  end.  Figure  22a  shows  the 
2-D  synthetic  model,  containing  a  1  km/s  velocity  perturbation  toward  the  segment  end. 

The  results  of  a  3-D  inversion  using  ray  paths  from  the  acmal  experiment  are  shown  in 
Figure  22b.  The  magnitude  of  the  anomaly  is  underestimated,  and  the  shape  of  the 
anomaly  is  considerably  smoothed.  The  anomaly  is  best  resolved  at  x=-l  to  1  km,  with 
resolution  decreasing  farther  off-axis.  Note  that  the  reconstructed  anomaly  is  symmetric 
about  the  axis.  This  result  indicates  that  the  asymmetry  in  Figure  21c,  with  higher 
velocities  occurring  at  the  inside  comer  region,  is  required  by  the  travel-time  data  and  is  not 
an  artifact  of  the  uneven  distribution  of  ray  paths. 

(2 }  Resolution  of  low-velocity  perturbations  towards  the  segment  center.  Figure  23a 
shows  the  2-D  synthetic  model,  containing  a  1  km/s  velocity  perturbation  at  6  to  8  km 
depth  toward  the  segment  center.  The  results  of  a  3-D  inversion  are  shown  in  Figure  23b. 
The  magnitude  of  the  anomaly  is  underestimated,  and  the  shape  is  considerably  smoothed. 
The  anomaly  is  poorly  resolved  at  x=-5  and  -7  km.  This  result  indicates  that  while 
tomography  (Figure  21c)  can  detect  an  increase  in  crustal  thickness  toward  the  segment 
center,  the  shape  and  magnitude  of  the  anomaly  will  not  be  well  resolved. 

(3)  Resolution  of  high-velocity  perturbations  to  the  east.  At  23°N,  Purdy  and  Detrick 
[1986]  and  Toomey  et  al.  [1988]  find  that  P  wave  velocities  in  the  lower  emst  are 
diminished  on  axis  and  increase  with  age  off-axis,  perhaps  due  to  gradual  sealing  of  cracks 
and  pores  by  hydrothermal  alteration.  Figure  24a  shows  a  2-D  input  model  in  which 
velocities  are  low  on  axis  and  increase  off  axis,  designed  to  test  whether  the  high-velocity 
perturbations  to  the  east  (Figure  21c)  could  be  the  result  of  such  aging.  Although  the  input 
model  (Figure  24a)  is  symmetric  about  the  axis,  the  reconstructed  pattern  (Figure  24b)  is 
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asymmetric  because  of  the  larger  number  of  ray  paths  that  sample  structure  to  the  east  (see 
also  contours  of  the  derivative  weight  sum  in  Figure  21b).  Similarly,  while  the  input 
structure  does  not  vary  along  axis,  tomography  images  high  velocity  anomalies  only  where 
ray  coverage  is  more  complete  (y=0  to  20  km).  Comparison  with  the  perturbations  in 
Figure  21c  thus  suggests  that  the  high-velocity  perturbations  to  the  east  of  the  axis  could  be 
the  result  of  ray  paths  sampling  more  mature  crust.  Figure  24b  also  shows  that  a  region  of 
much  less  pronounced  anomalies  is  predicted  to  the  west  of  the  axis.  Such  a  region  is  not 
imaged  in  our  models  (Figure  21c),  however,  indicating  either  that  the  maturing  of  the  crust 
is  not  symmetric  across  axis  or  that  the  imaged  structure  to  the  east  is  caused  by  other 
processes. 

These  results  demonstrate  that  a  thinner  crust  beneath  the  segment  end  and  asymmetry 
between  the  inside  and  outside  comer  regions  can  be  resolved  by  the  experiment,  but  that 
the  magnitude  and  shape  of  the  anomalies  will  not  be  well  defined.  The  finer  scale  features 
in  the  tomographic  images  should  thus  be  interpreted  with  caution. 

Effect  of  Heterogeneous  Velocity  Structure  on  hypocenters 

The  microearthquake  hypocenters  discussed  above  were  obtained  by  the  use  of 
HYPOINVERSE  and  the  assumption  of  a  1  -D  velocity  model.  However,  tomographic 
inversions  indicate  that  there  is  considerable  3-D  structure,  especially  in  the  lower  crust. 

To  evaluate  the  influence  of  crustal  heterogeneity,  we  locate  microearthquakes  in  an 
improved  3-D  velocity  model.  It  is  particularly  important  to  assess  whether  the  along-axis 
pattern  of  focal  depths  is  robust  with  respect  to  the  velocity  model. 

We  locate  a  subset  of  73  median  valley  microearthquakes  in  the  velocity  model  of  Figure 
19  using  the  grid  search  method  described  by  Wilcock  and  Toomey  [1991].  This  method 
conveniently  couples  with  the  tomography,  since  for  every  iteration  of  the  inversion,  the 
Moser  [1991]  raytracer  produces  travel  times  from  each  OBS  to  the  positions  of  all  velocity 
nodes.  A  grid  search  of  rms  travel  time  residual  has  the  additional  benefit  of  avoiding 
problems  of  local  minima  and  nonlinearities  associated  with  generalized  inverse  methods. 

S  wave  travel  times  were  calculated  using  a  VpIV^  ratio  of  1.8.  Weights  were  applied  to 
arrival  times  in  the  same  manner  as  described  above. 

The  epicenters  and  focal  depths  obtained  with  the  3-D  model  are  not  significantly 
different  from  the  HYPOINVERSE  solutions,  so  our  conclusions  remain  valid  (Figures  25 
and  26).  Near  the  center  of  the  segment,  events  are  shifted  somewhat  to  the  west  relative  to 
1-D  solutions;  the  large  microearthquake  originally  located  beneath  Broken  Spur 
hydrothermal  vent  field  does  not  move  appreciably  (the  microearthquake  is  still  within  a 
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few  hundred  meters  from  the  location  given  by  Elderfield  et  al.  [1993]).  At  the  segment 
deep,  several  eanhquakes  beneath  the  axial  valley  ridge  are  shifted  to  the  eastern  basin,  but 
the  distribution  at  the  western  basin  remains  the  same.  Focal  depths  derived  with  the 
heterogeneous  velocity  model  move  upward,  but  still  do  not  shoal  toward  the  along-axis 
high  (Figure  26a).  Focal  depths  of  a  high  quality  subset  of  hypocenters  located  using  5  or 
more  OBSs  are  all  between  3  and  6  km  beneath  the  seafloor  (Figure  26b). 

To  evaluate  errors  in  focal  depth,  we  examined  the  variation  of  minimum  rms  residual 
over  a  range  of  focal  depths  held  to  fixed  values.  The  95%  confidence  region  is  calculated 
from  equation  (7)  of  Wilcock  and  Toomey  [1991],  using  the  standard  deviation  of  40  ms 
determined  from  those  HYPOINVERSE  solutions  with  focal  depth  resolved.  Most  events 
show  a  sharp  minimum,  indicating  a  solution  with  a  well-constrained  depth  (Figure  27). 
However,  some  events  display  greater  errors.  The  small  subset  of  microearthquakes  that 
locate  at  depths  of  1  km  or  less  have  focal  depth  poorly  constrained  and  may  be  much 
deeper  (Figures  28a  and  28b).  The  95%  confidence  intervals  for  the  three  deepest 
earthquakes  at  29°02’N  are  large  (Figure  28c).  We  also  find  increased  depth  errors  for 
many  events  located  with  only  4  OBSs  (at  least  one  S  but  only  four  P  wave  arrivals) 
(Figure  28d),  which  is  the  case  for  many  of  the  deepest  earthquakes  (>  6  km  depth  with  the 
grid  search  relocation). 


Discussion 


The  microearthquake  characteristics  of  the  MAR  at  29°N  indicate  the  present-day 
location,  mechanism,  fault  dimensions,  and  depth  distribution  of  seismogenic  brittle 
faulting.  Tomographic  images  of  P  wave  velocity  describe  the  spatial  variability  of  the 
crustal  accretion  process.  Here,  we  review  our  results  and  discuss  implications  for  the 
spreading  cell  model. 

Deformation  of  the  Inside  Corner  Region 

It  is  generally  assumed  that  faulting  occurs  predominantly  on  axis  along  the  median 
valley  walls.  However,  the  largest  number  of  microeanhquakes  in  our  experiment  were 
located  in  a  diffuse  zone  off  axis  at  the  southern  inside  corner  high  (Figure  7),  a 
morphologically  complex  area  that  is  probably  undergoing  intense  deformation.  The 
several  teleseismic  earthquakes  located  at  the  northern  boundary  of  the  short  segment  at 
28°50'N  may  also  be  the  result  of  faulting  at  the  inside  comer  of  a  non-transform  offset. 

Off-axis  faulting  may  be  a  major  process  at  inside  comers  of  segment  and  transform 
boundaries  [see  also  Rowlett,  1981].  A  microeanhquake  experiment  at  35°N  also  found  a 
high  level  of  seismicity  at  the  inside  corner  of  a  non-transform  offset  [Barclay  et  al.,  1993]. 
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Diffuse  microeanhquake  activity  has  been  found  to  occur  at  inside  corners  of  the  St. 

Paul’s,  Verna,  Oceanographer,  and  Rivera  transforms  [Francis  et  ai,  1978;  Rowlett,  1981; 
Prothero  and  Reid,  1982;  Rowlett  and  Forsyth,  1984],  In  addition,  large  transform 
earthquakes  with  anomalous  mechanisms  (reverse-faulting,  nomial-faulting,  and  strike-slip 
faulting  on  planes  oblique  to  the  transfomi)  reported  by  Wolfe  et  al.  [1993]  near  ridge- 
transform  intersections  at  the  Marathon,  St.  Paul's,  and  Rivera  may  result  from  inside 
comer  faulting.  Gravity  and  magnetic  data  have  been  interpreted  as  indicating  greater 
crustal  thinning  at  inside  comers  than  at  outside  corners  [Escartin  and  Lin,  1993].  High 
levels  of  seismicity  demonstrate  that  some  crustal  deformation  occurs  at  inside  comers  after 
the  lithosphere  has  moved  outside  the  median  valley.  Off-axis  tectonism  could  contribute 
to  the  complex  bathymetry,  magnetic,  and  gravity  anomalies  generally  found  at  inside 
corners. 

Variation  in  Crustal  Structure 

At  the  MAR,  the  pattern  of  mantle  Bouguer  anomalies  suggests  that  cmst  is  thinner  than 
average  at  segment  discontinuities  and  is  thicker  near  segment  centers  [e.g.,  Lin  et  al., 
1990].  Tomographic  images  in  this  study  support  such  a  conclusion  and  demonstrate 
further  that  most  of  the  variation  occurs  in  the  lower  crust.  Although  the  position  of  Moho 
is  relatively  unconstrained,  our  models  are  consistent  with  higher  velocities  and  a  thin 
lower  cmst  occurring  near  the  southern  deep,  and  lower  velocities  and  a  thicker  layer  3 
occurring  near  the  central  bathymetric  high. 

In  Figure  29,  we  compare  the  3-D  velocity  solution  with  the  cmstal  thickness  variations 
calculated  by  Lin  et  al.  [1990]  from  gravity  data.  For  comparison.  Figure  30  shows 
profiles  of  the  residual  gravity  anomaly,  equal  to  the  MBA  corrected  for  the  effects  of 
lithospheric  cooling  [Lin  et  al.,  1990].  Both  methods  imply  a  similar  variation  in  cmstal 
thickness  towards  the  segment  end  (x=-3,  -1 ,  and  1;  y=-10  to  10).  There  is  also  good 
agreement  in  the  cross-axis  variations,  with  crust  being  thinner  towards  the  inside  comer. 
Tests  of  resolution  (Figures  22  and  23),  however,  show  that  the  magnitude  and  shape  of 
velocity  anomalies  may  not  be  well-defined,  and  plots  of  derivative  weight  sum  indicate 
that  the  velocity  model  does  not  resolve  deep  structure  (>  5  km)  towards  the  segment  center 
(y  >  20  km). 

The  anomalous  region  of  high-velocity  lower  crust  imaged  in  the  eastern  valley  midway 
between  the  segment  center  and  the  segment  end  (x=3  and  5  km;  y=10  to  20  km)  is  not 
associated  with  particularly  thin  crust  (Figures  29  and  30).  At  the  MAR  at  23°N,  Purdy 
and  Detrick  [1986]  and  Toomeyet  al.  [1988]  find  that  P  wave  velocities  in  the  lower  cmst 
are  lower  than  normal  on  axis  and  progressively  increase  with  age  off-axisr.  They  attribute 
this  phenomenon  to  the  gradual  sealing  of  cracks  and  pores  by  hydrothermal  alteration.  At 
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29°N,  the  off-axis  region  of  high  velocities  may  simply  result  from  rays  sampling  slightly 
older,  more  mature  crust,  as  compared  to  the  axial  model  of  Purdy  and  Detrick  [  1986],  As 
shown  in  our  previous  tests  of  resolution  the  apparent  along-axis  variation  could  be  an 
artifact  of  the  incomplete  ray  coverage  (Figure  24). 

At  the  southern  MAR,  ToAroy  et  al.  [1993]  also  find  that  MBA  variations  along  axis 
correspond  to  a  thinner  or  thicker  lower  crustal  layer.  Their  experiment  recorded  both  P 
and  PmP  arrivals,  important  for  constraining  Moho,  at  3  OBSs  (spaced  ~20  km  apart 
along-axis)  from  a  109-km  refraction  line  along  the  median  valley.  While  their  experiment 
produced  a  more  complete  along-axis  image  of  Moho  variation,  the  crustal  velocity 
structure  they  observed  is  coarser  than  that  obtained  in  this  study  because  of  the  large 
instrument  spacing.  Furthermore,  their  2-D  model  does  not  resolve  asymmetry  at  inside 
and  outside  corners. 

Fault  Geometry 

Source  mechanisms  have  been  obtained  in  two  areas:  the  western  basin  of  the  southern 
deep  and  beneath  the  along-axis  volcano  near  29°02’N  (Figure  16).  Normal-faulting  at  the 
southern  deep  takes  place  on  steeply  dipping  (-45°),  nearly  axis-parallel  planes,  as  is 
typically  observed  for  both  microearthquakes  [e.g.,  Toomey  et  al.,  1985,  1988]  and  large 
earthquakes  [e.g.,  Huang  and  Solomon,  1988]  on  the  MAR,  and  is  consistent  with  the 
expected  ridge -perpendicular  extension.  The  observed  -20°  rotation  of  fault  planes  from 
the  large-scale  trend  of  the  median  valley  may  be  controlled  by  small-scale  structure  of  local 
faults  bounding  the  basin. 

The  composite  solutions  for  microearthquakes  beneath  the  along-axis  volcano  near 
29°02’N  cannot  occur  by  this  process  (Figure  16),  and  more  likely  result  from  thermal 
stresses  induced  by  differential  cooling  or  stresses  associated  with  magma  movement.  On 
land,  seismicity  associated  with  magma  movement  is  associated  with  such  phenomena  as 
inflation  or  deflation  events,  hamionic  tremor,  and  eruptions  [e.g.,  Klein,  1987;  Einarsson, 
1979].  We  do  not  have  sufficient  information  to  verify  such  associations  with  our  data  set. 
There  are  two  possible  fault-plane  solutions;  one  indicating  reverse  faulting  along  axis- 
parallel  planes  (Figure  15b),  the  other  consistent  with  either  normal  faulting  on  an  axis- 
perpendicular  plane  or  left-lateral  strike-slip  faulting  on  a  low-angle,  axis-parallel  plane 
(Figure  15c).  Events  with  reverse  slip  on  faults  oriented  along-axis  were  found  beneath  a 
ridge  axis  volcano  at  26°N  by  Kong  et  al.  [1992]  and  were  attributed  to  thermal  stresses 
induced  by  cooling  of  a  recent  intrusion  now  identifiable  as  a  mid-crustal  low-velocity 
volume.  Large  (m}j>  5)  reverse-faulting  earthquakes  on  planes  nearly  parallel  to  the  plate 
boundary  have  also  been  reported  at  Bardabunga  volcano  in  central  Iceland  by  Einarsson 
[1991],  who  suggests  that  these  earthquakes  occur  in  response  to  pressure  variations  in  an 
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underlying  magma  chamber.  No  large  low-velocity  volume  was  resolved  at  29°02’N 
(Figure  21).  However,  reverse-faulting  on  axis-parallel  planes  may  commonly  occur  at 
axial  volcanoes  of  the  MAR. 

Hydrothermal  Circulation 

The  epicenters  of  a  series  of  microearthquakes  cluster  at  Broken  Spur  Hydrothermal 
Vent  Field  and  to  the  north  (Figure  9).  The  largest  microearthquake  recorded  during  the 
experiment  (about  a  magnitude  2)  is  located  4  km  beneath  Broken  Spur.  It  is  plausible  that 
the  high  level  of  seismicity  around  Broken  Spur  hydrothermal  field  is  caused  by  stresses 
associated  with  fluid  flow,  hydrofracturing,  or  differential  cooling  of  the  crust.  Seismic 
faulting  could  also  influence  seawater  circulation:  hydrologic  changes  are  observed  to 
follow  many  large  earthquakes  on  continents,  perhaps  in  response  to  increased  permeability 
as  a  result  of  ground  shaking  [e.g.,  Rojstaczer  and  Wolf,  1992]  or  coseismic  strain  release 
and  a  consequent  change  in  crustal  porosity  [e.g.,  Muir-Wood  and  King,  1993]. 

A  hydrothermal  system  requires  a  zone  of  pemieability  to  allow  seawater  transport 
(e.g.,  faults,  fissures,  interpillow  spaces,  and  dike  joints)  and  a  heat  source  to  drive 
circulation.  Little  is  known  about  the  depth  extent  of  hydrothermal  flow,  the  geometry  of 
fluid  pathways,  or  the  efficiency  of  hydrothermal  cooling,  although  the  measured  seafloor 
heat  flow  at  mid-ocean  ridges  is  obviously  diminished  by  convective  seawater  circulation 
[Lister,  1972]. 

While  the  maximum  depth  of  seismic  faulting  and  the  depth  to  probable  magmatic  heat 
sources  shoal  with  spreading  rate  [Huang  and  Solomon,  1988;  Purdy  et  al.,  1992],  the 
chemistry  of  water  samples  from  hydrotheimal  systems  at  fast  and  slow- spreading  ridges 
are  remarkably  similar  and  do  not  indicate  different  pressures  and  temperatures  of 
circulation  [Campbell  et  al.,  1988].  The  application  of  quartz  geobarometry  to  MAR 
hydrothermal  solutions  from  the  Snake  Pit  hydrothermal  field  at  23°N  yields  a  maximum 
depth  of  circulation  only  500  m  below  the  seafloor  [Von  Damm  et  al.,  1991],  but  these 
results  depend  on  the  validity  of  several  assumptions  (for  example,  that  solutions  have  not 
precipitated  quartz)  [Von  Damm  et  al.,  1985]. 

However,  there  is  evidence  from  ophiolites  and  gabbroic  samples  from  the  ocean  that 
seawater  penetrates  into  the  lower  crust.  Fiom  patterns  in  dikes  and  gabbros  at  the 
Samail  ophiolite  (likely  from  a  fast-spreading  ridge  [Nicolas  et  al.,  1988]),  Gregory  and 
Taylor  [1982]  concluded  there  were  two  decoupled  hydrothermal  systems:  a  shallow 
system  in  the  dikes  above  the  magma  chamber  and  a  deeper  (>  5  km)  one  in  the  gabbros 
with  lower  ratios  of  water  to  rock  and  higher  temperatures  (>  4()0°C).  Mineralogical  and 
petrological  data  at  Samail  suggest  that  the  entire  crust  has  been  affected  by  hydrothermal 
metamorphism,  localized  along  veins  and  shear  zones  in  the  plutonics  [Nehlig  andJuteau, 
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1988].  Metamorphic  assemblages  of  gabbroic  rocks  from  slow-spreading  ridges  indicate 
that  interaction  with  seawater  can  initiate  at  temperatures  of  up  to  700°C  during  ductile 
deformation  [e.g.,  Mevel  and  Cannai,  1991;  Vanko  and  Stakes,  1991;  Gillis  ei  al.,  1993], 
although  hydration  of  samples  may  be  associated  with  tectonic  unroofing  at  segment 
discontinuities  rather  than  in  situ  at  depth.  Mevel  and  Cannat  [1991]  propose  that  ductile 
shear  zones  associated  with  extension  of  a  hot  lower  crust  create  permeable  zones  that 
allow  seawater  penetration  at  high  temperatures  and  accelerate  cooling. 

Microearthquakes  are  another  source  of  information  about  hydrothermal  circulation.  No 
microearthquakes  were  detected  within  about  2  km  of  the  TAG  vent  field  by  Kong  et  al. 
[1991].  On  the  basis  of  microearthquake  and  tomographic  results  for  the  along-axis  high  at 
26°N,  Kong  et  a/.  [1991]  proposed  a  model  whereby  permeable  fault  planes  associated 
with  normal-faulting  microearthquakes  at  the  eastern  valley  wall  provide  pathways  for 
water  transport  down  to  the  top  of  a  recently  intruded  heat  source.  In  contrast,  at  Broken 
Spur  some  hypocenters  occur  in  close  vicinity  to  the  vent  site,  perhaps  in  response  to 
penetrative  circulation  that  has  helped  to  cool  the  crust.  The  lack  of  fault-plane  solutions 
leaves  the  mechanism  of  this  seismicity  open  to  speculation.  While  both  TAG  and  Broken 
Spur  are  situated  at  along-axis  highs,  TAG  is  located  close  to  the  fault  scarps  of  the  eastern 
valley  wall,  about  2  km  from  the  zone  of  axial  volcanism  [Rona  et  al.,  1986].  Broken 
Spur,  in  contrast,  sits  on  the  crest  of  the  axial  volcanic  ridge,  and  is  thus  more  similar  in 
setting  to  the  Snake  Pit  hydrothermal  vent  field.  The  seismicity  we  observe  could  thus  also 
be  associated  with  volcanic  processes. 

Focal  Depths 

Current  knowledge  of  the  controls  on  earthquake  faulting  within  the  crust  and 
uppermost  mantle  provides  a  context  for  interpreting  observations  along  the  MAR. 
Earthquakes  occur  where  frictional  sliding  on  faults  is  unstable  [Brace  and  Byerlet,  1966]. 
The  part  of  the  lithosphere  that  can  nucleate  earthquakes  is  bounded  by  lower  and  upper 
stability  transitions  [Scholz,  1990;  Cowie  et  al.,  1993].  The  maximum  depth  of  faulting  is 
temperature  dependent  and  located  at  approximately  the  brittle-ductile  transition  [e.g.,  Chen 
andMolnar,  1983;  Tse  and  Rice,  1986].  A  minimum  depth  of  faulting  usually  arises  from 
the  stabilizing  effect  of  low  normal  stresses  at  shallow  depths  [Scholz,  1988].  While 
earthquakes  cannot  nucleate  at  depths  outside  the  bounded  region  of  instability,  large 
earthquakes  can  rupture  to  greater  and  shallower  depths  [Tse  and  Rice,  1986].  For  mid¬ 
ocean  ridge  microearthquakes  the  maximum  depth  of  faulting  will  be  directly  related  to 
temperature  and  rheology,  whereas  the  minimum  depth  generally  reflects  pressure. 

On  mid-ocean  ridges,  centroid  depths  of  large  teleseismic  earthquakes  range  from  about 
1  to  6  km  below  the  seafloor,  and  the  maximum  centroid  depth  decreases  with  spreading 
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rate  [Huang  and  Solomon,  1988]  due  to  generally  higher  temperatures  and  thus  a  shallower 
brittle-ductile  transition.  Three  previously  conducted  microearthquake  experiments  on  the 
MAR  [Toomey  et  al,  1985,  1988;  Murray  ei  ai,  1984;  Kong  ei  ai,  1992]  imply  a 
systematic  intrasegment  variation  in  focal  depths.  At  the  along-axis  deep  at  23°N,  a 
segment  without  a  well-developed  MBA,  microearthquakes  were  located  between  4  and  8 
km  depth  [Toomey  et  al.,  1985,  1988].  A  shallower  range  of  3  to  5  km  depth  was  reported 
at  an  along-axis  high  near  35.3°N  [Murray  et  ai,  1984],  where  there  is  an  MBA  low 
[Detrick  et  al.,  1993].  At  the  segment  at  26°N,  which  also  has  a  developed  MBA  low, 
Kong  etal.  [1992]  found  that  median  valley  microearthquakes  clustered  at  shallower  depths 
(2  to  6  km)  at  the  along-axis  high  at  the  segment  center  than  at  the  along-axis  deep  at  the 
segment  end  (4  to  8  km). 

In  contrast,  at  29°N  well-constrained  focal  depths  range  from  3  to  6  km  and  do  not  shoal 
from  the  segment  end  to  the  segment  center.  This  result  is  at  variance  with  the  simple 
spreading  cell  model,  since  the  segment  center  should  have  enhanced  mantle  upwelling, 
and  therefore  a  thinner  seismogenic  layer,  due  to  both  higher  temperatures  and  a  greater 
thickness  of  crustal  material  (MBA  data  suggest  a  3  km  increase),  which  deforms  by  ductile 
flow  at  lower  temperatures  (400°-550°C)  than  mantle  material  (800°C).  The  observed  focal 
depths  contradict  both  the  model  predictions  of  Neumann  and  Forsyth  [1993],  which  imply 
that  crustal  thickness  variations  are  associated  with  major  changes  in  the  depth  extent  of 
seismicity,  and  the  pattern  of  faults  observed  in  the  bathymetry,  which  suggest  a  thinner 
lithosphere  at  segment  centers  than  at  segment  ends  [Shaw  and  Lin,  1993]. 

We  propose  that  microearthquakes  reflect  the  effects  of  local,  time-dependent  processes, 
such  as  hydrothermal  and  magmatic  injection,  and  are  not  necessarily  an  indication  of  the 
long-term  mechanical  behavior  predicted  by  steady-state  models  [Neumann  and  Forsyth, 
1993]  or  the  pattern  of  faults  [Shaw,  1992;  Shaw  and  Lin,  1993].  The  supply  of  magma  to 
the  slow-spreading  MAR  is  neither  2-D  nor  steady  state.  No  evidence  has  yet  been  found 
of  a  magma  chamber  at  slow-spreading  ridges,  although  low-velocity  regions  interpreted  as 
still-hot  intrusions  have  been  detected  [e.g.,  Fowler  and  Keen,  1979;  Purdy  and  Detrick, 
1986;  Kong  et  ai,  1992].  Extrusive  magmatism  occurs  primarily  along  axial  volcanic 
ridges  generally  composed  of  small,  discrete  volcanoes.  These  observations  have  led  to 
models  whereby  the  lower  crust  is  made  up  of  many  small  plutonic  bodies  that  feed 
volcanism  at  higher  levels  [Nishet  and  Fowler,  1978;  Smith  and  Cann,  1992].  Small, 
episodically-emplaced  intrusions  and  deep  hydrothermal  circulation  could  create  a  thermal 
structure  that  is  heterogeneous  in  both  time  and  space,  allowing  sections  of  the  lower  crust 
near  the  segment  center  to  cool  and  nucleate  microearthquakes. 
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Architecture  of  the  29  °N  Spreading  Cell 

To  first  order,  the  segment  at  29°N  fits  well  into  the  spreading  cell  model.  Bathymetry, 
the  pattern  of  faults,  and  gravity  data  suppon  a  model  of  focused  magmatism,  and  the 
tomographic  images  of  this  study  add  further  evidence,  indicating  the  lower  crust  is  thinner 
at  the  segment  end  and  toward  the  inside  comer.  However,  microearthquake  characteristics 
show  complexities  related  to  the  temporal  and  spatial  variability  of  volcanism  and 
hydrothermal  circulation,  and  do  not  follow  the  simple  spreading  cell  model. 

There  are  two  different  classes  of  earthquakes:  tectonic  and  volcanic  (associated  with 
magma  movement).  In  Iceland  and  Hawaii,  volcanic  earthquakes  have  generally  smaller 
maximum  magnitudes  than  tectonic  earthquakes  [Einarsson,  1979;  1991;  Klein,  1982; 
Klein,  1987].  At  the  MAR,  Lin  and  Bergman  [1990]  observe  that  the  locations  of  large, 
teleseismically  observed  earthquakes  (mb  >  4.5)  at  29°N  and  other  segments  between  the 
Kane  and  Atlantis  transforms  behave  in  accordance  with  a  spreading  cell  model,  with  most 
occurring  along  large -relief  half-grabens  at  segment  ends  rather  than  at  segment  centers. 
Such  large  earthquakes  are  probably  all  tectonic  [Bergman  and  Solomon,  1990].  These 
earthquakes  have  rupture  lengths  on  the  order  of  10  km  and  are  thus  sensitive  to  structure 
on  the  scale  of  a  simple  spreading  cell.  This  study  demonstrates  that  small  earthquakes 
may  be  important  for  exploring  volcanic  processes  on  the  MAR.  The  microearthquakes 
have  rupture  lengths  on  the  order  of  1 00  m  and  therefore  can  sample  smaller  scale 
variability  in  magmatic  processes,  such  as  is  predicted  in  the  models  of  Nisbet  and  Fowler 
[1978]  and  Smith  and  Cann  [1993]. 


Conclusions 


During  the  41-day  experiment,  microearthquake  activity  at  29°N  was  high,  with 
individual  OBSs  recording  up  to  200  events  per  day.  Hypocenters  were  determined  for 
235  microearthquakes  recorded  on  4  or  more  OBSs;  for  106  of  these  events  focal  depth 
was  resolved.  Focal  depths  of  all  events  ranged  from  3  to  8  km  beneath  the  seafloor,  while 
those  for  events  recorded  on  5  or  more  instruments  and  located  using  a  3-D  velocity  model 
ranged  from  3  to  6  km.  Sei.smic  moments  and  fault  radii  of  microearthquakes  were  10^^  to 
1020  (jyn  cm  and  50  to  100  m,  respectively. 

The  important  microearthquake  and  seismic  structural  characteristics  from  our  study  at 
29°N  are  identified  as  follows: 

1.  Microearthquakes  clustered  into  three  separate  along-axis  regions:  (1)  the  southern 
deep  at  the  segment  end,  (2)  the  central  high,  slightly  north  of  the  Broken  Spur 
hydrothermal  vent  field,  and  (3)  beneath  an  axial  volcano  near  29°02’N. 


2.  There  is  not  a  simple  shoaling  of  focal  depths  progressing  along-axis  from  the 
southern  deep  toward  the  central  high,  in  contrast  to  the  situation  at  26°N. 

3.  At  the  segment  deep,  fault-plane  solutions  indicate  high-angle  normal  faulting 
consistent  with  lithospheric  stretching.  Fault-plane  solutions  beneath  the  axial  volcano  at 
29°02’N,  however,  are  inconsistent  with  this  process. 

4.  The  largest  microearthquake  recorded  (10-^  dyn  cm)  occurred  directly  beneath 
Broken  Spur  hydrothermal  vent  field. 

5.  The  greatest  number  of  microearthquakes  were  recorded  in  a  diffuse  zone  off  axis  at 
the  inside  comer  of  a  non-transform  offset,  which  is  likely  an  area  of  complex,  active 
deformation.  Off-axis  faulting  may  be  a  major  process  at  inside  comers  of  segment  and 
transform  boundaries. 

6.  Two-dimensional  and  three-dimensional  tomographic  inversions  indicate  that  the 
velocity  stracture  in  the  lower  cmst  is  heterogeneous,  with  thinner  lower  crust  occurring 
near  the  southern  deep,  and  thicker  lower  crust  occurring  toward  the  central  bathymetric 
high.  The  3-D  velocity  structure  also  indicates  that  the  lower  crust  is  thinner  toward  the 
inside  comer  region.  These  results  are  consistent  with  cmstal  thickness  variations  inferred 
from  gravity  data. 

Bathymetry,  faulting  style,  gravity,  and  velocity  structure  at  29°N  are  supportive  of  a 
spreading  cell  model.  However,  microearthquake  characteristics  do  not  follow  this  model. 
The  significant  level  of  seismicity  at  the  segment  center  and  microeanhquakes  with 
anomalous  focal  mechanisms  are  likely  associated  with  volcanic  and  hydrothermal 
processes;  focal  depths  along  axis  indicate  that  episodic  magmatism  and  deep  hydrothermal 
circulation  influence  thermal  stmcture.  Microearthquakes  may  thus  be  useful  for  exploring 
volcanic  processes  on  the  MAR:  in  contrast,  large  earthquakes  are  probably  mostly 
tectonic.  Nisbet  and  Fowler  [1978]  and  Smith  and  Cann  [1993]  propose  that  of  small-scale 
magmatic  processes  are  important  at  slow-spreading  ridges,  whereas  spreading  cell  models 
account  only  for  the  large,  segment-scale  variation.  The  microearthquakes  in  this  study 
have  mpture  lengths  on  the  order  of  only  100  m  and  therefore  can  result  from  variability  at 
these  smaller  scales.  The  characteristics  of  large  (mb  >  4.5)  earthquakes  on  the  MAR  may 
behave  in  better  accord  with  the  spreading  cell  model  because  their  large  rupture  lengths  (on 
the  order  of  10  km)  can  sample  structure  on  the  segment  scale. 


116 


APPENDIX:  tomographic  METHOD 


In  this  Appendix,  we  provide  an  overview  of  the  tomographic  method  described  by 
Toomey  et  al  [  1994],  The  travel  time  alone  a  path  P  though  a  slowness  model  u(r)  is: 

^  f 

t=  J  u{r)ds 

where  r  is  the  position  vector  and  ds  is  the  incremental  path  length.  For  our  models,  u(r) 
is  defined  at  nodes  spaced  250  m  apart  in  the  horizontal  and  vertical  directions  and  sheared 
vertically  to  conform  with  bathymetry.  An  accurate  three-dimensional  ray  tracer  [Moser, 
1991]  is  used  to  calculate  the  minimum  time  paths  between  shot  sources  and  OBS 
receivers.  The  slowness  field  is  related  to  a  prior  model  by: 

«(r)  =  ao(r)-i-5w(r) 

where  5u(r)  is  the  penurbational  model,  defined  by  linear  interpolation  between  the  set  of 
velocity  perturbations  ttj  at  immediately  adjacent  nodes: 

m 

5«(r;ai,  =  X 

(=1 

where  wi  are  the  weights  for  linear  interpolation.  The  inverse  problem  is  independent  of 
w(r),  so  nodes  can  be  spaced  in  any  manner  or  chosen  to  be  one-,  two-,  or  three- 
dimensional. 

Given  a  small  perturbation  to  a  slowness  model: 

f 

5f  =  t{ii+bu)-t{u+bu)  =  I  buds 


where  by  Fermat’s  principal  the  travel  time  is  stationary  with  respect  to  P(u)  or  P(u+&i). 
The  relation  between  a  change  in  travel  time  and  the  perturbational  model  is: 

0/( 0^] . . ,0^^)  —  /  ,  OCk 
k=]  dcCk 

Combining  Equations  (3),  (4),  and  (5)  and  multiplying  by  the  Kronecker  delta  5nk  yields: 

f  w 

- =  w„ds 

3otn  Jf> 

SO  using  (5)  and  (6)  model  perturbations  to  the  aj  can  be  linearly  mapped  into  travel  time 
delays. 

In  the  inverse  problem,  we  solve  for  values  of  aj  subject  to  penalty  and  smoothing 
constraints.  The  functional  minimized  is: 

where  d  is  a  vector  of  travel  time  delays,  and  m  is  a  vector  of  model  parameters  ai.  The 
terms  on  the  right  hand  side  of  (7)  are  the  prediction  error,  a  penalty  function  applied  to  the 
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perturbational  model,  and  vertical  and  horizontal  smoothness  constraints.  Cd  is  the  data 
covariance  matrix,  a  diagonal  matrix  whose  elements  are  the  estimated  variance  for 
individual  shot  travel  times.  Cp,  Cy,  and  C/,,  are  model  covariance  matrices.  Xp,  A/j,  and 
Ay  allow  weighting  of  the  importance  of  constraints. 

Rather  than  calculating  the  inverses  of  Cy  and  C/j,  smoothing  constraints  are  applied  as 
additional  equations  in  the  inverse  problem.  The  equations  are  defined  by; 


X  Pj  o^'i 


m,  oUj 


1 


k 

I  ft 

y=i 


where  pUj  refers  to  a  value  from  the  prior  model  «o(r).  The  pj  are  Gaussian  weights: 

p/=exp(  — - +  — - +  — - ; 

1  I 

and  the  x  are  assigned  decay  lengths.  Only  nodes  within  one  decay  length  of  a  model 
parameter  are  given  nonzero  weight. 

The  velocity  perturbations  are  estimated  from  an  iterative  solution  of  the  linearized 
problem.  The  final  perturbational  model  is  the  sum  of  all  previous  perturbational  models 
itn-  The  method  uses  a  jumping  strategy  [Shaw  and  Orcutt,  1985],  so  model  constraints 
are  operative  on  perturbations  with  respect  to  the  starting  model.  The  linearized  inverse 
problem  for  the  i+lth  iteration  is; 


/\,p\^p 

AyCy 

^hCh 


m/+i]= 


”  AyC  ylll  I 
■  "A/jC/iin,'  _ 


where  G  is  the  Frechet  matrix  of  partial  derivatives  from  (6).  The  LSQR  method  is  used  to 
solve  (10). 

Further  details  are  explained  in  Toomey  et  al.  [1994]. 
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Figure  Captions 

Figure  1.  Bathymetry  at  the  Mid-Atlantic  Ridge  at  29°N,  500-m  contour  interval.  Filled 
circles  are  epicenters  of  earthquakes  (1964  to  March  1989)  reported  by  the  International 
Seismological  Centre  (ISC).  According  to  the  Preliminary  Determination  of  Epicenters 
(PDE)  Catalogue,  no  large  earthquakes  occurred  in  this  area  between  April  1989  and 
June  1993. 

Figure  2.  Locations  of  OBSs  (filled  triangles  with  OBS  numbers)  and  explosive  shots 
(filled  circles).  Bathymetry  contoured  at  500-m  interval. 

Figure  3.  Some  typical  seismograms  of  microearthquakes,  as  recorded  on  the  vertical  (V), 
horizontal  (HI  and  H2),  or  hydrophone  (HY)  channels.  Vertical  bars  mark  arrival  times 
of  P  waves  on  vertical  and  hydrophone  channels  and  S  waves  on  the  horizontals.  Each 
seismogram  is  scaled  to  the  same  maximum  amplitude.  Upward  P  wave  first  motions 
correspond  to  compressions  on  the  vertical  and  dilatations  on  the  hydrophone. 
Seismometer  coupling  problems  are  evident  for  OBS  61,  but  clear  P  and  S  arrivals  could 
nonetheless  often  be  picked. 

Figure  4.  Number  of  events  versus  number  of  instruments  that  simultaneously  triggered. 
Over  1000  events  (20  to  35  events  per  day)  were  recorded  on  4  or  more  OBSs. 

Figure  5.  One-dimensional  velocity-depth  model  used  for  HYPOINVERSE  (dashed  line), 
compared  with  the  models  of  Purdy  and  Detrick  [1986]  (solid  line)  and  Fowler  [1976] 
(dash  dot  line). 

Figure  6.  Plots  of  differential  S  wave  arrival  times  versus  differential  P  wave  arrival  times 
for  earthquakes  simultaneously  recorded  on  three  OBS  pairs.  Solid  lines  are  least 
squares  fits  and  give  V^/V^  ratios  of  1.80  to  1.83.  Note  that  microearthquakes  located  at 
the  segment  center  plot  as  negative  points,  while  those  from  the  southern  segment 
terminus  are  positive. 

Figure  7.  Locations  of  all  microearthquakes.  Small  filled  circles  denote  microearthquakes 
with  resolved  focal  depth;  white  diamonds  show  microearthquakes  with  depth  fixed  at  5 
km  below  datum.  OBSs  that  recorded  microearthquake  data  are  shown  as  filled 
triangles.  OBS  60,  which  recorded  one  day  of  data  and  was  not  relocated,  is  shown  as  a 
white  triangle.  P  and  S  wave  arrivals  from  this  instrument,  deployed  in  the  northern 
section  of  the  network,  were  important  for  locating  about  a  dozen  microearthquakes  near 
the  segment  center.  Bathymetry  contoured  at  500-m  interval. 

Figure  8.  Microearthquakes  near  the  southern  deep.  Bathymetry  contoured  at  50-m 
interval.  Arrows  mark  trend  of  the  axial  volcanic  ridge  (AVR).  See  Figure  7  for  further 
information. 
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Figure  9.  Microearthquakes  at  the  central  along-axis  high.  Arrows  mark  trend  of  axial 
volcanic  ridge  (AVR).  Star  is  location  of  Broken  Spur  Hydrothermal  Vent  Field  from 
Elderfield  ei  al.  [1993].  See  Figure  7  for  further  information. 

Figure  10.  Location  of  along-axis  and  cross- axis  profiles  (solid  lines)  plotted  in  Figures  1 1 
and  12.  See  Figure  7  for  further  information. 

Figure  11.  Distribution  of  microearthquakes  along  axis.  Only  microearthquakes  with 
epicenters  within  3  km  distance  of  the  along-axis  profile  in  Figure  10  are  plotted.  Solid 
circles  are  microearthquake  hypocenters,  and  error  bars  are  95%  confidence  intervals. 
Bathymetry  shown  as  solid  line. 

Figure  12.  (a)  Cross-axis  distribution  of  microearthquakes  at  the  segment  center,  (b) 
Cross-axis  distribution  of  microearthquakes  at  the  segment  end.  Only  events  with 
epicenters  within  5  km  of  the  profiles  in  Figure  10  are  plotted.  See  Figure  1 1  for  further 
information. 

Figure  1 3.  Along-axis  distribution  of  a  subset  of  high  quality  focal  depths  (from 

microearthquakes  recorded  on  5  or  more  OBSs).  See  Figure  1 1  for  further  information. 

Figure  14.  Cross-axis  distribution  of  a  subset  of  high  quality  focal  depths  (from 
microearthquakes  recorded  on  5  or  more  OBSs).  a)  Cross-axis  distribution  of 
micioearthquakes  at  the  segment  center,  b)  Cross-axis  distribution  of  microearthquakes 
at  the  segment  end.  Only  events  with  epicenters  within  5  km  of  the  profiles  in  Figure  10 
are  plotted.  See  Figure  1 1  for  further  information. 

Figure  15.  a)  Composite  first  motion  data  for  three  events  near  the  western  basin  at  the 
southern  deep.  Equal-area  projection  of  lower  hemisphere.  Solid  circles  are 
compressional  arrivals,  open  circles  are  dilatational.  Nodal  planes  and  solution 
(strike/dip/slip)  is  shown,  b)  and  c)  Composite  focal  mechanism  for  three  events 
beneath  an  axial  volcano;  two  possible  solutions  are  shown,  d)  and  e)  First  motion  data 
for  two  events  at  the  segment  center.  The  small  number  of  data  and  limited  coverage 
are  not  sufficient  to  determine  a  mechanism. 

Figure  16.  Summary  of  focal  mechanisms  of  microearthquakes  at  29°N.  Normal  faulting 
is  occurring  beneath  the  western  basin  of  the  segment  deep.  Two  types  of  mechanisms 
are  possible  for  events  beneath  the  along-axis  volcano  near  29°2'N. 

Figure  17.  The  number  N  of  earthquakes  with  moment  in  excess  of  Mq.  The  straight  line 
is  the  least  squares  fit  to  the  data  with  5xl0^^<  Mq  <5x10^^. 

Figure  18.  Locations  of  shots  and  1 1  OBSs  used  for  tomographic  inversions,  as  discussed 
in  the  text.  Dashed  line  shows  the  venical  plane  for  2-D  models  obtained  with  data  from 
only  6  OBSs.  Box  shows  region  for  3-D  models,  with  along-axis  position  y  ranging 
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from  -14  to  38  km  and  cross-axis  position  x  ranging  from  -7  to  7  km  (south  and  west  are 
negative  values;  dashed  line  marks  x=0). 

Figure  19.  Solutions  from  2-D  inversion  using  the  method  of  Toomc}' er  a/.  [1994],  a)  P 
wave  velocity;  0.5  km/s  contour  interval,  b)  The  spatially-averaged  derivative  weight 
sum  (DWS)  [c.f.  Toomey  et  ai,  1994],  which  provides  a  meaure  of  the  ray  density  in 
the  perturbational  velocity  model.  Velocity  grid  is  spaced  at  250  m  in  the  horizontal  and 
vertical  directions.  Inversion  solves  for  perturbations  at  3  km  intervals  along  axis  and  1 
km  intervals  in  the  vertical  direction. 

Figure  20.  a)  2-D  P  wave  velocity  obtained  with  Thurber’s  [1981,  1983]  method,  0.5 
km/s  contour  interval.  The  positions  of  6  OBSs  are  indicated  by  x’s.  Velocity  nodes  are 
at  2(X),  -10,  0,  10,  20,  and  200  km  in  the  horizontal  direction,  and  at  -50,  0,  1,3,  5, 
and  50  km  depth.  Velocity  between  nodes  is  obtained  by  linear  interpolation  [Thurber, 
1981].  Higher  velocities  occur  at  the  segment  end. 

Figure  21.  Solutions  from  3-D  inversion  using  the  method  of  Toomey  et  al.  [1994].  a) 
Axis-parallel  cross  sections  of  P  wave  velocity;  0.5  km/s  contour  interval,  b)  DWS, 
for  the  same  cross  sections.  The  cross-axis  position  is  given  by  the  x  coordinate  (Figure 
18).  c)  Model  perturbations;  0. 1  km/s  contour  interval. 

Figure  22.  Resolution  test  at  the  segment  end.  a)  Input  2-D  model.  7  km/s  homogeneous 
velocity  material  is  imbedded  in  6  km/s  material,  b)  Pertubational  solution;  0.1  km/s 
contour  interval,  using  the  starting  ray  set  for  our  3-D  model  at  29°N. 

Figure  23.  Resolution  test  near  the  segment  center,  a)  Input  2-D  model.  7  km/s 
homogeneous  velocity  material  is  imbedded  in  6  km/s  material,  b)  Pertubational 
solution;  0. 1  km/s  contour  interval. 

Figure  24.  Resolution  test  for  the  crust  east  of  the  axis,  a)  Input  2-D  model.  7  km/s 
homogeneous  velocity  material  is  imbedded  in  6  km/s  material,  b)  Pertubational 
solution;  0. 1  km/s  contour  interval. 

Figure  25.  Epicenters  determined  from  a  grid  search  on  a  3-D  velocity  model  (white 
diamonds)  and  from  HYPOINVERSE  with  a  1-D  velocity  model  (filled  circles).  Solid 
lines  connect  epicenters  for  commen  events.  See  Figure  10  for  further  information. 

Figure  26.  The  along-axis  distribution  of  hypocenters  determined  from  a  grid  search  on  a 
3-D  velocity  model  (white  diamonds)  and  from  HYPOINVERSE  with  a  1-D  velocity 
model  (filled  circles).  Solid  lines  connect  hypocenters  for  common  events,  a)  All 
events  within  3  km  distance  of  the  along-axis  profile  in  Figure  10.  b)  All 
microearthquakes  recorded  by  5  or  more  OBSs  within  3  km  distance  of  the  along-axis 
profile  in  Figure  10. 
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Figure  27.  Minimum  rms  misfit  to  P  and  5  arrival  times  versus  focal  depth  (250  m 
spacing)  derived  from  the  grid  search  limits  on  focal  depth.  The  dashed  line  shows  the 
95%  confidence  level.  The  epicenter  at  the  top  of  each  plot  is  for  the  best-fitting 
hypocenter  from  the  grid  search.  All  events  shown  here  have  well-constrained  focal 
depth. 

Figure  28.  Minimum  rms  misfit  to  P  and  S  arrival  times  versus  focal  depth  (250  m 
spacing)  derived  from  the  grid  search  limits  on  focal  depth  (see  Figure  27  for  further 
information).  Very  shallow  focal  depths  are  poorly  constrained.  Errors  in  focal  depth 
are  large  for  some  earthquakes  with  subcrustal  hypocenters. 

Figure  29.  A  comparison  of  our  3-D  velocity  solution  (see  Figure  21)  with  crustal 

thickness  variations  calculated  by  Lin  et  al.  [1990]  from  gravity  data  (bold  line).  Higher 
velccities  near  the  segment  end  are  interpreted  as  indicating  a  thinner  lower  crust.  The 
mean  crustal  thickness  inferred  from  gravity  is  arbitrary.  Wavelengths  shorter  than  25 
km  in  the  gravity  field  are  filtered  out  to  prevent  amplification  in  the  process  of 
downward  continuation. 

Figure  30.  Profiles  of  residual  gravity  anomaly  data,  equal  to  the  MBA  corrected  for  the 
effects  of  lithospheric  cooling  [Lin  el  al,  1990]. 
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Table  1.  Relocated  Instrument  Positions 


Insir  Latitude,  Longitude,  Depili,  Station 

N  W  m  Delay,  s 


OBS51 

28° 

57.57’ 

KS 

OBS  53 

28° 

55.49’ 

43' 

DBS  54 

29° 

10.14’ 

43' 

OBS  55 

29° 

05.56’ 

43' 

OBS  56 

29° 

02.58' 

43' 

OBS  57 

29° 

00.22’ 

43' 

OBS  58 

28° 

52.95' 

43' 

OBS  59 

28° 

56.52’ 

43' 

OBS  60 

29° 

07.60' 

43' 

OBS  61 

29° 

08.45' 

43' 

OBS  63 

28° 

58.93’ 

43' 

OBS  64 

29° 

07.60’ 

43' 

17.81’ 

10.33’ 

3255 

•0.01 

11.33' 

3205 

0.01 

11.73' 

3124 

0.02 

11.10' 

3458 

-0.04 

14.34' 

3284 

-0.05 

17.02' 

3869 

-0.13 

13.73’ 

3425 

0.02 

09.67' 

3275 

-0.01 

06.86' 

2659 

0.14 

10.17' 

3113 

-0.09 

13.17’ 

2714 

0.02 

Table  2.  Earthquake  Hypoceniers 


Date 

Origin  Time 

REG  Ut., 

N 

Long., 

W 

ERH, 

km 

DBD, 

km 

ERZ, 

km 

P 

S 

MAG. 

deg 

DCS. 

km 

RMS. 

s 

Mo, 

dyncm 

08  22 

17:16:01.32 

5 

29  12.57 

43  09,08 

2.9 

0.6 

4 

2 

03 

0.05 

0.2E+18 

08  23 

06:29:46.94 

2 

28  57.22 

43  21.34 

3.0 

4.3 

0.5 

5 

1 

308 

06 

0.02 

0.9E+18 

08  23 

08:27:06.02 

5 

29  11.96 

43  10.20 

2.8 

5.0 

pdc 

4 

1 

289 

04 

0.06 

0.2E+19 

08  23 

08:32:14.30 

5 

29  11.63 

43  10.13 

1.7 

3.6 

0.4 

10 

2 

282 

03 

0.08 

0.9E+19 

08  23 

09:39:38.89 

2 

28  56.62 

43  14.97 

0.5 

4.5 

0.6 

10 

2 

102 

02 

0.02 

0.5E+20 

08  24 

05:23:10.77 

5 

29  12.04 

43  11.07 

4.0 

4.9 

0.9 

4 

1 

279 

04 

0.00 

O.lE+18 

08  24 

07:14:05.60 

3 

28  56.36 

43  15.01 

1.3 

5.5 

1.1 

5 

1 

196 

02 

0.01 

0.3E+19 

08  24 

13:17:58.32 

6 

29  03.51 

43  28.48 

2.3 

5.0 

pdc 

4 

1 

304 

21 

0.14 

0.6E+19 

08  24 

21:34:10.75 

5 

29  13.86 

43  08.26 

1.7 

5.0 

pdc 

4 

2 

311 

09 

0.18 

0.6E+19 

08  25 

03:02:18.55 

2 

28  54.19 

43  22.06 

4.0 

5.0 

pdc 

4 

0 

285 

09 

0.01 

O.SE-i-l  8 

08  25 

05:11:08.38 

2 

28  59.25 

43  17.09 

0.8 

5.2 

0.7 

8 

3 

181 

03 

0.04 

O.lE+19 

08  25 

05:25:16.89 

5 

29  1039 

43  09.48 

2.8 

6.3 

2.1 

4 

2 

228 

03 

0.01 

0.9E+18 

08  25 

13:04:59.99 

5 

29  11.03 

43  10.10 

2.2 

5.0 

pdc 

3 

1 

261 

03 

0.02 

0.2E+19 

08  25 

15:49:43.59 

3 

28  53.91 

43  17.10 

2.2 

5.0 

pdc 

4 

0 

176 

02 

0.02 

0.5E+18 

08  25 

18:15:12.30 

5 

29  10.04 

43  10.55 

1.2 

5.0 

pdc 

3 

1 

197 

01 

0.06 

0.6E+18 

08  26 

05:22:49.71 

2 

28  58.23 

43  18.61 

2.3 

5,9 

1.1 

5 

1 

221 

02 

0.02 

0.2E+18 

08  26 

06:46:09.06 

5 

29  11.49 

43  09.59 

3.5 

5.0 

pdc 

4 

1 

272 

04 

0.01 

0.4E+18 

08  26 

07:38:4032 

2 

28  58.35 

43  17.53 

1.5 

5.7 

1.9 

4 

1 

184 

02 

0.01 

0. 1 E+1 8 

08  26 

07:45:53.93 

2 

28  57.18 

43  20.44 

2.6 

5.0 

pdc 

4 

0 

247 

04 

0.01 

0.6E+18 

08  26 

11:54:5635 

3 

28  56.18 

43  12.99 

1.1 

5.1 

0.6 

5 

2 

187 

01 

0.05 

0.5E+19 

08  26 

15:18:4638 

5 

29  10.96 

43  10.11 

2.0 

5.0 

pdc 

4 

1 

258 

03 

0.02 

0.6E+18 

08  26 

19:30:39.74 

2 

28  53.89 

43  18.74 

1.6 

5.0 

pdc 

5 

0 

258 

03 

0.02 

O.lE+19 

08  26 

21:29:5632 

3 

28  56.82 

43  14.85 

0.5 

4.5 

0.7 

7 

1 

100 

02 

0.01 

0,1E+19 
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Conclusions 

In  this  thesis,  I  have  studied  earthquake  characteristics  at  mid-ocean  ridges  and  oceanic 
transforms,  and  tectonic  implications,  and  investigated  processes  at  Pacific  volcanoes,  such 
as  lithospheric  flexure,  island  mass-wasting,  and  controls  on  the  stratigraphy  of  island 
moats. 

Chapter  1  presents  evidence  from  gravity  and  deflection-of-the-vertical  data  that  elastic 
plate  thicknesses  are  remarkably  low  beneath  seamounts  of  the  Darwin  Rise,  suggesting 
that  the  Japanese  and  Wake  seamounts  formed  on  thermally  anomalous  lithosphere,  such  as 
that  which  is  thought  to  exist  presently  beneath  volcanoes  of  French  Polynesia. 

The  seismic  stratigraphy  and  quantitative  flexural  and  sedimentation  models  in  Chapter  2 
are  useful  in  identifying  the  processes  that  influence  the  Marquesas  apron  and  make  it 
different  from  that  at  Hawaii.  Plate-flexure  models  require  broad  underplating  of  the  crust 
by  low  density  (crustal?)  material  to  explain  the  depth  to  volcanic  basement  and  gravity 
observations.  While  there  is  siniilar  sediment  supply  for  a  given  along-moat  distance  at 
both  the  Marquesas  and  Hawaii,  the  underfilled  moat  at  Hawaii  is  apparently  a  consequence 
of  greater  moat  volumes  due  to  the  larger  size  of  the  Hawaiian  volcanoes,  and  possibly 
variations  in  underplating,  that  load  the  plate.  The  difference  in  sediment/edifice  ratios  is 
likely  related  to  the  larger  eruption  rates  at  Hawaii  and  different  styles  of  volcano 
construction  between  Hawaii  and  the  Marquesas.  The  greater  sediment/edifice  ratio  at  the 
Marquesas  is  probably  typical  of  island  chains  having  an  archipelagic  apron.  Therefore, 
estimates  of  hotspot  volcanism  based  soley  on  the  size  of  volcanoes  will  severely 
underestimate  the  amount  of  erupted  material. 

Chapter  3  shows  that  some  large  oceanic  transform  earthquakes  have  mechanisms  or 
locations  inconsistent  with  simple  models.  Much  of  the  anomalous  earthquake  activity  can 
be  associated  with  complex  fault  geometry  or  large  structural  features  that  apparently 
influence  slip  on  the  fault.  Some  events  with  unusual  mechanisms  occur  outside  of  the 
transform  fault  zone  and  do  not  appear  to  be  related  to  fault  zone  geometry.  Possible 
additional  contributors  to  the  occurrence  of  anomalous  earthquakes  include  recent  changes 
in  plate  motion,  differential  lithospheric  cooling,  and  the  development  of  a  zone  of 
weakness  along  the  fault  zone,  but  we  do  not  find  strong  evidence  to  confirm  the  influence 
of  these  processes. 

Chapter  4  describes  microearthquake  and  seismic  structural  characteristics  along  a 
segment  at  29°N  on  the  Mid-Atlantic  Ridge.  While  tomographic  images  are  supportive  of  a 
simple  spreading-cell  model,  with  higher  velocities  and  thin  crust  occurring  near  the 
southern  deep  and  lower  velocities  and  a  thickened  layer  3  occurring  towards  the  central 
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bathymetric  high,  microeanhquakes  suggest  complexities  related  to  the  small-scale 
variability  of  magmatic  and  hydrothermal  processes.  The  microearthquakes  in  this  study 
have  rupture  lengths  on  the  order  of  only  100  m  and  therefore  are  sensitive  to  small  scale 
variability  in  the  influence  of  magmatism  and  hydrothermal  circulation.  The  characteristics 
of  large  (mb  >  4.5)  earthquakes  on  the  MAR,  in  contrast,  may  behave  more  nearly  in 
accordance  with  a  spreading  cell  model  because  of  larger  rupture  lengths,  on  the  order  of 
10  km,  that  sample  structure  on  the  segment  scale. 
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